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Abstract
Porous anodic aluminum oxide (AAO), also known as porous alumina, is a self-ordered
nanostructured material well-suited for use in electronic, magnetic, optical and biological
applications due to its small pore size (4-200nm) and spacing (10-500nm). Under slightly
acidic conditions, both oxidation and dissolution of aluminum leads to the formation of
pores. AAO pores form a self-assembled honey-comb structure with short range order
over certain ranges of anodic potential and pH. In this work, three key results related to
porous AAO science and technology are presented.
First, a new theory based on strain-induced instability has been developed from the
analysis of results obtained from kinetic studies and stress measurements to explain the
formation of AAO pores. Experiments show that excess vacancies of aluminum, created
by the dissolution process, generate a large tensile stress and an associated strain energy,
which destabilizes the initially flat AUAAO interface and leads to pore formation. Other
factors affecting stability of the AllAAO interface and the self-assembly process are also
presented.
Second, templated self-assembly (TSA) of AAO pores, ordered over wafer-scale areas
and with controlled spacing and symmetry, have been achieved by pre-patterning the
substrate using interference lithography. TSA of AAO pores led to control of pore
spacing and order symmetry in ranges not achievable without templating. Independent
control of pore spacing and diameter were successfully demonstrated, allowing formation
of novel 3-D nanostructures such as nanofunnels, fabricated using periodic variations in
the anions and/or electrolyte pH. Using the TSA approach, AAO with ordered pores
<35nm in diameter and aspect ratios >50: 1 were fabricated on Si substrates. A I-D array
of ordered pores, either in or out of plane with the substrate, was fabricated by confining
the growth of AAO pores using silicon oxide masks patterned by lithography techniques.
Finally, AAO templates were used to fabricate ordered nanostructures including
carbon nanotubes, magnetic nanotubes and antidots, and metallic nanowires and
nanoparticles, all of which display properties very different from their bulk counterparts.
These results, and other proposed methodologies, provide new techniques for controlled
in-plane and out-of-plane growth and organization of nanotubes and nanowires on Si
substrates.
Thesis Supervisor: Carl V. Thompson
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There's Plenty ofRoom at the Bottom -Richard Feynman
Introduction
1.1 Self-assembly
Self-assembly, or the spontaneous organization of small units into large scale ordered and
stable structures, is ubiquitous in nature and is essential for the existence of life. For
exampl~~, peptides and proteins interact and self-organize into scaffolds for the formation
of functional materials such as collagen and keratin [WHIT, 03]. The desire to replicate
nature to achieve precise control over the size, position and assembly of materials for
applications in electronics, optics, magnetics and biology has led to the discovery of a
number of self-assembly systems in the past few decades [WHIT, 02a, 02b], . There is
even more increased interest for self-assembly at the nanoscale for a number of reasons.
Nanotechnology provides a means to control and manipulate micro and macroscopic
properti~~s (for e.g., resistance, capacitance, magnetization, melting point, mechanical
strength) without changing its chemical structure, nature and atomic configuration.
Nanomaterials possess high surface to volume ratio that lead to changes in their
functional properties. The superior climbing ability of geckos is related to vanderwaals
forces enhanced due to the high surface area of the nanoscale gecko foot-fibers [AUTU,
00, 02]. The modification in electronic properties of nanomaterials has lead to an
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improvement in the thermoelectric figure of merit due to quantum effects and new
materials such as Bit-xSbx nanowires have been discovered with size dependent
thermoelectric properties [RABI, 04]. Confined dimensionality at the nanoscale leads to
ballistic conduction in perfect metallic nanotube and has opened the door for a plethora of
applications utilizing carbon nanotubes [DRES, 01].
Conventionally, the size and position of nanomaterials can be controlled by
techniques that utilize top-down approaches generally termed as lithography.
Lithography, originally used to make stone-engraving derives its root from the Greek
words lithos: stone and grapho: write. Ever since lithography or the art of pattern transfer
was used to make stone-engraving more than 3000 years ago, lithography techniques
have lead to the advancement in several fields including printing, photography and
microelectronics [LEVI, 05]. The rapid advancement in lithography methods was jump-
started in the 20th century with the invention of the integrated circuit by Kilby and Noyce
that has ever since revolutionized our lives in the way we communicate, travel, interact
and has started the so-called digital age. Today, advanced lithographic techniques have
made possible complex systems made on a silicon chip containing more than 7
kilometers of metal interconnects per square centimeter that connect millions of
semiconductor devices and transfer information with high degree of reliability [ALAM,
04]. However as we scale down to achieve faster devices as well as fabricate new
materials with enhanced functional properties, this well-established top-down technology
faces limitations at the smallest length scale and the highest aspect ratio of structures that
can be patterned over large areas.
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Self-assembly provides a route to the spontaneous generation and hierarchical
organization of complex and functional nanostructures. Self-assembly processes are by
nature, parallel in most cases and span a wide range of length-scales, from the molecular
scale (e:.g. biological self-assembly) to the planetary scale (e.g. formation ofplanets, stars
and galaxies) [WHIT, 02b]. Self-assembly also has the potential for 3D organization of
nanomaterials. For all the above reasons, self-assembly methods are increasingly being
used for nanofabrication as an alternative to high cost, serial e-beam lithography
techniques for periodic structures. For example, self-assembled arrays of magnetic
nanoparticles may be useful as data storage media [NIEL, 01], while arrays of quantum
dots can be used in semiconductor lasers [TABO, 05].
1.2 Templated Self-Assembly
While self-assembly is a promising approach for the fabrication and ordering of
nanostnlctures, this method is limited by the low degree of control over the domain size
of ordering and the density of defects present in the system. Interactions between the
attractive and repulsive forces that cause self-assembly are generally weak and thus lead
to good short-range order but lack long-range order. Templated self-assembly is a method
by which the interactions are strengthened by external means, typically by combining
top-down and bottom-up approaches [HUIE, 03]. Examples include chemically-directed
[STaY, 05], lithographically-assisted [CHEN, 04] or mechanically-assisted self-
assembly [ANGE, 04].
Thin films of block copolymer phase separate to form small scale domains with
sizes dependent on the composition of the polymer. Long range order has been imposed
by patterning the underlying substrate [CHEN, 03] or by applying mechanical shear
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during the self-assembly process [ANGE, 04]. While dewetting of thin metal films on flat
substrates lead to metal nanoparticles with non-uniform diameter and spacing [JIRA, 92],
mono-disperse, well-ordered nanoparticles are formed on topographically modified
substrates [GIER, 05]. Thus, templated self-assembly provides all the benefits of top-
down and bottom-up approaches and has tremendous potential in the area of
nanotechnology.
1.3 Porous Alumina Self-assembly
This thesis is a result of the study of a self-assembly system - nanoporous alumina that
forms self-ordered pores during anodic oxidation of aluminum.
When aluminum is anodized under slightly acidic conditions, the resulting oxide
IS porous, with pore size and spacing dependent on the electrochemical conditions
[THOM, 83]. While the use of anodized aluminum for protective and decorative
applications has a long history, the cause for pore formation in acidic electrolytes is still
unclear. Furthermore, basic research on controlling the self-assembly and ordering of
pores during porous alumina formation started only in the late 1990s [MASU, 97]. The
only existing theory for pore formation is the classic work by Sullivan and Wood [SULL,
70] who explained pore formation as being due to field-enhanced dissolution of the
oxide. However, to date, there has been no conclusive experimental evidence that
supports the theory of field-enhanced dissolution or any other mechanism that may cause
pore formation.
An important feature of porous alumina is that under certain anodization
conditions, aluminum oxidizes as a porous structure with aligned pores that have close-
packed (hexagonal) order at short range, and with pore sizes that can be varied from 7nm-
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300nm [MASU, 95], [XU, 03], [LI2, 98]. The excellent mechanical and thermal stability
of anodized porous alumina makes it suitable both as a physical mask for deposition of
metallic nanodot catalysts, as well as for a supporting template for catalyzed growth of
semiconductor nanowires or carbon nanotubes [WAN, 04], [LI3, 99]. While short-range
pore ordering can be achieved during anodization, domains with different repeat
directions occur at longer ranges (domain sizes are typically 5um or less) [MASU, 95],
[LI2, 98]. Masuda et al [MASU, 97] demonstrated directed self-assembly of porous
alumina with long range order up to a few mms using a nanoimprint technique. However,
this approach is limited by the area over which perfect ordering can be achieved due to
the non-uniformity of the templating process over large areas. There is still a need for
other telnplating techniques that can order pores over wafer-scale areas for applications
such as microelectronics and template-assisted growth of functional nanomaterials inside
the pores of alumina. Also, the extent of control on the pore size, shape and ordering
offered by the templated self-assembly process has not been studied in detail.
1.4 Objective
The objective of this thesis is manifold. We first seek to understand the formation of
pores in alumina and the process of self-assembly. Secondly, by identifying the
mechanism of pore formation, we hope to develop templated self-assembly techniques
that not only lead to long range order but also good control over the pore diameter,
spacing and the ordering symmetry. We also explore pathways to achieve 3D porous
structures made of alumina to improve the versatility of AAO templates for the
fabrication of other 3D nanostructures such as size-modulated nanowires and nanotubes.
We also seek methodologies to arrange and organize nanomaterials in the plane of the
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substrate as current semiconductor technology relies heavily on the approach of in-plane
organization. Finally, we exploit our ability to make ordered porous alumina to fabricate
materials with size dependent properties, and establish methodologies for growing
ordered and aligned nanomaterials.
1.5 Thesis Outline
In the next chapter, we present previous work - both theoretical and experimental, that
has led to interest in porous alumina for various applications in nanotechnology. We
discuss the oxidation and dissolution reactions that occur during the anodization of
aluminum and their effects on the structural features and material properties of porous
alumina. We also present previously reported effects of the electrochemical conditions on
the pore size, spacing, and ordering, as well as the mechanical properties of anodized
alumina. We then briefly discuss the various templated self-assembly approaches
demonstrated previously that lead to monodomain porous alumina.
In chapter 3, we describe the various experimental techniques used in this thesis
for the fabrication of porous alumina. We also present an introduction to interference
lithography that we have used for the templated self-assembly of porous alumina with
long range order.
In chapter 4, we report on experiments in which we have monitored the kinetics
of anodic oxidation of aluminum during the initial stages by recording potential-time
transients at fixed current densities. We particularly focus our attention on the
phenomena that occur during the transition from a barrier-type oxide to a porous oxide
and the factors that affect this transition. We report on the dependence of the current
efficiency of oxidation and dissolution processes on current density and electrolyte
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conditions. A correlation between current efficiency, vacancy concentration, and the
transition from barrier to porous oxide will also be presented.
In chapter 5, we study the effect of generated vacancies on the intrinsic stress that
develops during anodic oxidation of aluminum. We measure stress as a function of
applied current density and electrolyte concentration. From the relation between the
measured stress and the pore spacing, the mechanism for pore formation, with pore
spacings dependent on the electrochemical conditions, is revealed. We further compare
our model to the experimentally observed trends in the dependence of the pore diameter,
pore spacing and barrier oxide thickness on the applied voltage and pH.
In chapter 6, we present a new approach to the templated self-assembly of porous
alumina with long range pore order. We successfully demonstrate template-assisted self
assembly with pores ordered over wafer-scale areas along with independent control of
pore size and spacing. We show for the first time that 3D nanostructures such as
nanofunne1s can be fabricated using our templated self-assembly approach. We also
demonstrate ordering at sub-lithographic length scales using a templating process.
In chapter 7, we report on studies of the effects of geometric confinement on the
oxidation of aluminum. We demonstrate the formation of I-D arrays of holes as well as
in-plane organization of pores using lithography-assisted self-assembly techniques. These
results demonstrate an approach to the ordering and placement of nanomaterials in the
plane of the substrate, one of the major challenges faced in current nanotechnologies.
In chapter 8, we describe a new non-lithographic approach based on double-
anodization, to fabricate locally ordered porous alumina with independently controlled
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pore diameters as small as 13nm. We also show an improved degree of ordering of pores
over new anodic potential and pore spacing regimes.
Template-assisted synthesis of nanomaterials has attracted a lot of attention as a
variety of materials including polymers, metals, and semiconductors can be deposited
within the pores. Using the template-assisted self-assembly technique, we have fabricated
ordered and aligned metallic nanodots, nanowires, nanotubes and antidot structures (films
with regular hole patterns), all of which have properties very different from their bulk
counterparts. In chapters 9-11 and in the appendices, we discuss a number of fabrication
techniques, properties, and potential applications of nanomaterials grown inside the pores
of alumina.
The conclusions drawn from all of the results presented in individual chapters of
this thesis will be discussed in chapter 12. We will also discuss related future work to




Anodic Oxidation of Aluminum:
Background and Previous work
2.1 Introduction
Anodic oxidation (or anodization) is the process by which an electrochemically active
species is oxidized by the passage of current or an applied voltage in appropriate
electrolytes" Anodization of metals, especially aluminum, has received a lot of attention
due to their wide variety of applications, including protective and decorative coatings,
dielectrics and more recently, nano-science and technology [XU, 03]. When a fresh
oxide-free aluminum surface is exposed to air at room temperature, an oxide initially
forms at a rapid rate, but slows over time to form a stable oxide film ('native oxide') of a
few A. Anodic oxidation is one of the techniques used to form a thicker oxide on
aluminum to provide corrosion resistance and other desirable properties.
During anodic oxidation of aluminum, the aluminum serves as the anode and a
chemically stable metal such as platinum, carbon etc serves as the cathode. Various
electrolytes include phosphoric, chromic, oxalic, malonic, citric and sulfuric acid and the
anodization :is carried out at constant temperatures. This technique was developed in the
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early 1900s as a method to protect aluminum from corrosion as well for dying or coloring
the surface of aluminum [DIGG, 69].
2.2 Barrier and porous anodic oxides of aluminum
The morphology, physical and structural properties of the anodic oxide films as well as
the kinetics of the oxide growth depends on the applied voltage or current, temperature
and most importantly, the nature and type of the electrolyte. "Barrier-type films" are
formed in weak or basic electrolytes in which almost all of the aluminum that
electrochemically reacts is converted to aluminum oxide with very little or no dissolution
into the electrolyte, e.g. neutral boric acid, ammonium borate, tartrate, ammonium tetra
borate in ethylene glycol and organic electrolytes such as glycolic or malic acid [DIGG,
69]. "Porous-type films" are formed in mild acidic solutions (phosphoric, chromic,
oxalic, sulfuric acid etc) in which both dissolution of aluminum into solution and
oxidation of aluminum to its oxide occur [TROM, 97]. A schematic of the barrier and
porous type films is shown in Fig. 2-1.
A characteristic of barrier-type oxide films is that the thickness of the oxide is not
affected by the electrolyzing time or temperature of the electrolyte, but only affected by
the applied voltage (-1.4nm/V) [DIGG, 69]. If the voltage is fixed, the total current for
barrier oxide formation decreases exponentially due to the increasing resistance to
migration and diffusion of anions and cations through the oxide. The total current or
current density1 saturates at a very low steady state value corresponding to the leakage
current (Fig. 2-2a). The maximum thickness of the barrier oxide is restricted by the oxide
1 In this thesis, the total current density is taken to be the total current divided by the apparent area of the
sample. The actual pore area and hence the actual current density is different. From here on, we will refer
to terms "total current" or "total current density" without any distinction.
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Fig. 2-1 Barrier and porous type anodic oxides of aluminum
















Fig. 2-2 Current and voltage-time transients during a) barrier and b) porous type oxide growth
Property Barrier-type oxide Porous-type oxide
Structure Thin, compact, Inner layer- thin, compact
non-porous barrier-type
Inner layer - I nm/V Varies
Thickness 1.4 nm/V with current density/voltage,
pH and electrolyte
Up to 17 % ; varies with pH,
Anionic impurity content -1-2 % electrolyte, temperature and
current density/voltage
Water content -2.5% Up to 15 % ; varies with pH
and electrolyte
Current efficiency for oxide formation >90% < 70-80%
Current efficiency for dissolution < 10% > 20-30 %
Table 2-1 Properties of Barrier-type and porous type oxide films
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breakdown at high voltages, typically around 500-700V.
In the case of porous type films, pores grow at a steady finite current or voltage
(Fig. 2-2b). Details of the current and potential transients will be discussed later in
section 2.6. The thickness of the porous layer is dependent on the anodization time,
current density, electric field and temperature. While the maximum thickness of a barrier-
type oxide is "'0.7-1um, porous aluminum oxide can be grown to 100um thickness and
higher. At low temperatures (0-2C), the porous anodic films are compact and hard;
however, at high temperatures (>60C), thin and soft oxide films are formed due to high
dissolution rates of aluminum ions/oxide into solution, sometimes, even leading to
electropolishing or complete dissolution of oxide films [DIGG, 69]. Table 2.1 elucidates
the differences between barrier and porous type films.
2.3 Electrochemistry at the metal-oxide and oxide-
solution interfaces
The overall electrochemical reactions that occur during electrochemical oxidation of






For barrier type oxide, Al oxidizes electrochemically by reaction (2.1) and any net
aluminum dissolution into the solution given by reaction (2.2) is negligible. For porous
oxide films, a combination of reactions (2.1) and (2.2) occur and their individual rates are
given by electrode kinetics, pH and temperature of the electrolyte and the applied
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potential/current density. The cathode reaction of hydrogen evolution (2.3) is common to
both these cases.
Though the overall reactions depict a simple picture of anodization process, the
actual chemistry and the reactions involved are complex. The electrochemically active
species su(~h as the oxygen anions or hydroxyl anions and the metal cations have to
diffuse and migrate through the oxide for subsequent oxidation to occur. The oxidation
reaction can occur at the metal-oxide interface, oxide-solution interface or somewhere
intermediate in the formed oxide. Other anions and water molecules from the electrolyte
can also get incorporated into the forming oxide [DIGG, 69], [THOM, 97]. Excess
vacancies and interstitials can be present in the oxide producing non-stoichiometric
oxide. As we show later in this thesis in Chapter 5, excess vacancies can also be created
in the aluminum beneath the oxide. Furthermore, the electrochemical reactions can affect
the mechanical properties of the metal and the growing film and this in tum, can affect
the electrochemistry of aluminum oxidation. All of these phenomena and the physics and
chemistry of anodic oxidation have been studied extensively by many in the past 50
years. However, a detailed discussion of all of the mechanisms involved, alumina
properties and previous studies is beyond the scope of this thesis. We limit our
discussions below only to some of the important phenomenology relevant to this thesis,
particularly related to porous alumina formation and ordering. For more detailed
discussions, the reader is referred to the review papers on anodization of aluminum by
Diggle et al [DIGG, 69], Thompson [THOM, 83, 97]; O'Sullivan and Wood [SULL, 70];
Mcdonald and coworkers [CHAO, 81, 82], [LIN, 81]; and Shimuzu et al [SHIM, 92].
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2.4 General structural features and material
properties of Alumina
2.4.1 Inner and outer oxide
Several previous studies [DIGG, 69], [TROM, 83] on the anodic alumina film properties
(for e.g., crystallinity, water content, anionic impurities and the oxide phase of both
barrier-type and porous-type films) have concluded that the both the barrier and porous
type oxide films consists of an amorphous layer adjacent to the oxide-electrolyte interface
("outer layer") with a thin relative-pure and crystalline oxide near the metal-oxide
interface ("inner-layer"). This is illustrated in Fig. 2-1. The mechanism for formation of
inner and outer layer is not well understood. Packer et al [PACK, 58], Matyevic et al.
[MATY, 73] and others [THOM, 83] have suggested that direct hydrolysis of aluminum
ions and their aggregation at the oxide-solution interface produce negatively charged
colloidal particles, held effectively in solution through the influence of incorporated or
adsorbed anions such as phosphates and sulfates. These charged particles are then
deposited under the field above the thickening anion-free inner layer to produce an outer
layer of fine microcrystallites or contaminated alumina. The relative thickness of the
inner and outer layer depends on the incorporated anions, current efficiency (fraction of
current used for oxidation compared to the total current used for oxidation and
dissolution), pH and the electrolyte. The oxide fraction that is crystalline increases with
increasing voltage, pH and temperature [TAYL, 45]. O'Sullivan and Wood [SULL, 70]
found that the ratio of the inner to outer layer strongly depends on the acid and reported
values of DinneriDouter to be 0.05, 0.1 and 0.5 for sulfuric, oxalic and phosphoric acid
respectively. However, Nielsch et al [NIEL, 02] reported that under the electrochemical
48
conditions of self-assembly of porous alumina, the ratio of the inner to outer layer
thicknesses remained the same in phosphoric, oxalic and sulfuric acid.
2.4.2 Oxide composition
According to Thompson and Wood [THOM, 83], the oxides consist of nanocrystallites,
hydrated alumina, anionic impurities as well as water molecules, although there is a
major difference in their contents between barrier and porous type oxides. Barrier-type
oxide films consist of microcrystalline y-Ah03 or y' -Ah03, an intermediate between
amorphous and y-Ah03. Oxides of barrier-type films are generally considered to be
anhydrous although a small amount of water content (-2.5%) is reported to be present in
the form of boehmite (AIO(OH)). Lichtenberger [LICH, 61] suggested that water is
necessary to stabilize the spinel-type structure. In the case of porous oxides, water
content ranging from 1% - 15% as well as hydrated aluminum oxide phases have been
observed. However, all the previous reports indicate the presence of water as hydroxide
or hydrated oxide and not in the "free form" [DIGG, 69].
The content of anions in the oxide is substantially higher (up to 17%) for porous
type oxides than barrier- type oxides (less than 1%) [MASO, 55]. In the case of porous
type films, Thompson [THOM, 97] classified the anionic species as immobile, outwardly
mobile (away from the anode) and inwardly mobile (towards the anode). For example,
phosphates and sulfates are inwardly mobile anions and hence oxides anodized in
electrolytes containing these anions have higher impurity content compared to those
anodized in electrolytes containing outwardly mobile species such as chromates and
molybdates [THOM, 97]. The incorporation also increases with decreasing bath
temperature, increasing current density and decreasing pH [MASO, 55].
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2.4.3 Transport Numbers
In anodic oxidation of aluminum, the transport number of an ion is a measure of the
fraction of current due to the movement of the ion by diffusion and migration and is thus
an important parameter that determines the location of the oxide formation, oxidation
rate, dissolution rate and the incorporation rate of impurities. In barrier-type films,
marker experiments show that diffusion of both oxygen and aluminum ions contribute to
oxide growth and the film grows at the metal-oxide interface as well as the oxide-solution
interface [SHIM, 82], [DAVI, 65]. Metal ion transport numbers of 0.7, 0.4 and 0.2 have
been reported for anodizing in neutral solutions of phosphate, borate and chromate
respectively [DIGG, 69], [SHIM, 82], [WOOD, 96]. In porous oxides, it is generally
believed that new oxide growth occurs at the metal-oxide interface by diffusion and
migration of the oxide anions, however very little marker experiments have been
performed in porous-type films. It has been argued by the Manchester group that any new
oxide that forms at the oxide-solution interface can lead to pore-healing and hence cannot
maintain the porous oxide structure [SHIM, 91] [THOM, 97]. The aluminum cations
either move through the oxide as aluminum interstitials and are ejected at the metal-
solution interface or take a vacant aluminum site and diffuse through the oxide by
vacancy-jump mechanism and dissolve at the oxide-solution interface. Siejka and Ortege
[SIEJ, 77] suggested the possibility of direct ejection of aluminum ions into solution and
questioned the simple field-assisted oxide dissolution model proposed by O'Sullivan and
Wood [SULL, 70] as their marker experiments with 0 18 containing electrolytes showed
that oxygen at the oxide-electrolyte interface does not dissolve into the solution over time
to be replaced by the oxide forming at the metal-oxide interface. For porous-type films,
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transport numbers for At3+ and 0 2- ions between 0.35-0.45 and 0.55-0.65 respectively
have been reported although these numbers depend on the applied current or voltage, pH
and temperature [SHIM, 91]. The exact mechanism of both oxygen and aluminum
transport through the oxide is however still unclear.
2.4.4 Dielectric breakdown
Several fonns of breakdown are observed when anodization is carried out at high current
densities (high electric field) and in electrolytes with low pH [YOUN, 61], [TAn, 77].
The three common breakdown phenomena are 1) thermal breakdown due to a rise in
conductivity of the oxide due to local heating, thereby causing a burning effect due an
increase in local current density; 2) avalanche breakdown which occurs at high field due
to the electrons that gain energy from the field to ionize atoms, thereby generating more
electrons; and 3) breakdown at preexisting flaws such as cracks etc. The critical dielectric
breakdown voltage increases with increasing pH and decreasing field, current density and
temperature [THOM, 83]. For barrier type films, the oxide breakdown can be as high as
500-700V while for phosphoric, oxalic and sulfuric acid solutions that form porous-type
films, typical breakdown voltages are 200V, 120V and 30V respectively at 0.3M
concentration. This limits the type of electrolytes that can be used to fabricate porous
oxides at a given voltage.
2.5 Theories of oxidation kinetics and ion
transport
The electric field strength across the oxide film during anodic oxidation of aluminum is
several orders of magnitude higher than typical electrochemical processes like
e1ectrodeposition of metals. Typical field strengths lie between 106-107 V/cm. Hence,
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both the probability of a cation (aluminum) movement against the direction of the field
and an anion (oxygen or hydroxyl) movement are negligible. In this extreme case, the
ionic current 'i' is related to the electric field 'E' by the high field equation or the
Guntherschultze-Betz equation [GUNT, 34] which is given by
i = Aexp(B E) (2.4)
where A and B are temperature and concentration dependent constants. Several
theoretical models that support this relationship have been developed previously
considering the various rate-determining steps for oxide formation. Three well-known
models exist for anodic oxidation of metals in general, the earliest being the growth
model presented by Cabrera and Mott in 1948 [CABR, 48] who considered ion transfer
across the metal-metal oxide interface as the rate-determining step. Verwey [VERW, 35]
considered the case of ion transport through the bulk of the oxide. Dewald [DEWA, 54,
55] as well as Fromhold and Cook [FROM, 66, 67, 68] considered a combination of both
ion transfer and transport through the bulk oxide. Fehlner and Mott [FEHL, 70] presented
the case of rate limiting reaction at the oxide-electrolyte interface. However, these models
are for barrier-type films with no dissolution and considered oxide growth only by
movement of metal cations. Mcdonald and coworkers [CHAO, 81, 82], [LIN, 82]
presented a point-defect model taking into account both oxidation and dissolution
processes by considering movement of metal cations as well as oxygen anions, however
they assumed that the field strength is independent of thickness even under potentiostatic
conditions. Modifications to the high field equation have also been proposed [YOUN, 61]
including the dependence of the exponential coefficient 'B' on the electric field to
explain the quadratic dependence of the electric field in the exponent. Young [YOUN,
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Fig. 2-3 Defects involved in the anodic oxidation of aluminum
63] argued that electrostriction forces caused a pressure which in tum lead to a lattice
shrinkage and hence an increase in the potential energy of the activated state.
Fig. 2-3 shows the various defect reactions involved at the aluminum-oxide and
oxide-solution interfaces and the transport of the ionic defects that lead to the oxidation
and dissolution of aluminum.
2.6 Potential and current transients
Aluminum oxide, both barrier-type and porous-type can be anodized at constant potential
or constant current while the other is monitored over time. The shapes of current-time
and potential-time transient curves are well-established [DIGG, 69] and can provide
insight into the growth mechanism and kinetics. Tajima et al [TAJI, 70] classified the
voltage-time and current-time transients into five different types depending on the
physical phenomena that occur during oxide growth.
1. Barrier-type films: At constant current, the voltage increases linearly
with time due to a linear growth rate of the oxide at constant field until
the potential for breakdown is reached. At constant voltage, the current
decreases exponentially with time to low leakage current values at long
times (Fig. 2-2a).
2. Porous-type films: At constant current, the voltage increases linearly
with time until a critical value when transition from barrier to porous-
type films occurs. The voltage decreases slightly and then reaches a
steady state whose characteristics depend on the pH and the applied
current density. At constant voltage, the current decreases rapidly for a
short period of time due to a sharp increase in barrier layer thickness.
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After a critical time which is associated with pore formation, the
current increases and reaches steady values at long times. The decrease
in voltage and the increase in current after pore formation are related to
the increase in the active surface area due to the pores (Fig. 2-2b).
3. Pitting: At constant current, the voltage increases to a maximum value
and decreases gradually over time to low currents. At constant voltage,
the current decreases sharply at short times and reaches a minimum and
then increases slowly over time.
4. Electropolishing: At constant current in strong acids, the voltage
fluctuates periodically or remains steady at low values.
5. Crystallographic chemical etching: In very strong acids where chemical
etching of oxide occurs, any oxide formed is etched chemically by the
electrolyte almost instantaneously and the voltage stays at very low
values.
For barrier-type and porous type oxides, by applying faraday's law, Shimizu et al
[SHIM, 92] have calculated the current efficiency for oxide formation by measuring the
rate of voltage rise and the amount of charge passed if the electric field is known. More
details on this technique will be discussed in Chapter 4.
2.7 Influence of electrochemical conditions
The most important parameters that affect the anodic oxidation of aluminum and the
oxide film properties are the applied voltage or current, pH and type of the electrolyte and
temperature. For brevity, we only discuss the effect of these parameters on the formation
of porous-type films below.
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2.7.1 Effect of Applied Voltage (pH, T fixed)
The steady-state total current density and the total aluminum reacted increases with
increasing voltage as both the oxidation and dissolution rates increase with increasing
voltage. However, the oxidation increases at a faster rate than the dissolution and hence
the ionic current efficiency increases with increasing voltage.
O'Sullivan and Wood [SULL, 70] first reported a linear increase in barrier-layer
thickness, pore size and pore spacing with applied potential from TEM analysis. They
argued that the barrier layer thickness reaches a steady-state value for a given voltage due
to equilibrium between the field-enhanced dissolution at the base of the pore and
oxidation at the metal-oxide interface. For higher voltages, this equilibrium is reached at
higher barrier-layer thickness. They also observed that the solid angle subtended from the
center of curvature to the pore bases is a constant irrespective of anodization conditions.
Based on the geometry of the pore, they provided a physical basis for the direct
dependence of the pore diameter, spacing and barrier layer thickness on voltage. Their
reported values for barrier-layer thickness, pore diameter and pore spacing are 1.04nm/V,
1.29nm/V and 2.77nm/V respectively, although these values depend on the pH,
temperature and electrolyte. Though their results also implied porosity2 independent of
voltage (~22%), they mentioned the possibility of errors in their pore diameter
measurements from cross-section TEM images. Careful measurements by Ono et al
[ONO, 04] recently showed a decrease in porosity with voltage which implies also a
weaker than linear dependence of pore diameter on the applied voltage. Only at high
2 Porosity is defined as the fractional 2-D surface area occupied by the pores. Porosity P is related to the
Jrd2 /4
pore size 'd' and spacing's' by P
s2
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voltages did they observe porosities independent of applied voltage. However the
porosity values (,...,10%) were much lower than that reported by 0'Sullivan and Wood
[SULL, 70] and thus raises a question on the validity of O'Sullivan and Wood's model.
The pore density 'Np ' is defined as the inverse of the square of the pore spacing
's', i.e. N p =1/ s2. As the pore spacing increases linearly with voltage, the number
density of pores is inversely proportional to the square of the applied voltage. Since the
dependenc~~ of current efficiency for oxidation on the applied voltage is stronger than the
porosity dependence especially at higher voltages, the increase in total volume of alumina
is accompanied by an increase in the thickness of the porous alumina layer.
The content of incorporated anionic impurities increases with increasing voltage
as the driving force for anion adsorption and transport in oxide increases.
The ratio of inner to outer diameter has been reported to increase with increasing
voltage although no clear mechanisms have been proposed.
2.7.2 Effect of current density (pH, T fixed)
In the initial stages of anodic oxidation, fixed potential and current measurements lead to
very different results as at fixed current density, the electric field at the barrier-oxide is a
constant, while at fixed potential, the electric field decreases with time. Porous growth at
later stages is however similar for both cases of constant voltage and current. Hence,
trends in tht: dependence of pore spacing, diameter and current efficiency observed for
constant voltage and constant current cases are also similar.
2.7.3 Effect of pH
The effect of pH is different at fixed voltage as compared to fixed current and both the
cases are discussed below.
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2.7.3a Effect ofpH at fixed current density and temperature
At constant current density, increasing the pH, decreases the dissolution rate and hence
increases the barrier layer thickness [SULL, 70]. This in tum, would increase the steady-
state voltage. As the pore spacing is strongly dependent on the voltage, a strong effect of
pH on pore spacing is observed. Pore size also increases but with a weaker dependence
on pH [SULL, 70].
The electric field (Vfnm) increases weakly with increasing pH at constant current
density. Thompson and Wood [THOM, 83] argued that the electrical conductivity of the
film decreases with decreasing water and anion content in the film and hence the field
increases with decreasing water and anion incorporation. Hence, increasing pH increases
the electric field (Vfnm values) at constant current.
The porosity decreases with an increase in pH at constant current density due to a
stronger increase in pore spacing than pore diameter as discussed above. Pore density
decreases due to an increase in pore spacing with increasing pH.
As the dissolution rate is decreased, the current efficiency for oxidation increases
with increasing pH (as shown in chapter 4). However, according to Vrublevsky et al
[VRUB, 03, 04], the oxide growth rate does not depend on pH. They explain this
observation by arguing that since the oxide growth occurs at the metal-oxide interface,
the oxidation current density and hence the oxide growth rate is not dependent on pH.
2.7.3b Effect of pH at fixed voltage and temperature
At constant voltage, increasing the pH decreases the dissolution current density.
However, to maintain constant voltage, the oxidation current density must also decrease
and hence, the total steady-state current density decreases with pH. According to
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Thompson and Wood [THOM, 83], increasing the pH decreases the electric field (V/nm)
due to reduced aggressiveness of the electrolyte and hence an increase in barrier layer
thickness. The increase in pore size and spacing and the decrease in pore density with pH
is much weaker compared to the constant current case. The anionic impurity content
decreases due to an increase in pH and decrease in electric field. 0'Sullivan and Wood
[SULL, 70] observed a slight decrease in porosity. However, inconsistencies in their pore
size measurements from plane-view and cross-section images as well as lack of other
experimental data in the literature limits further discussion. More detailed discussions on
the effect of pH on oxide growth rate, porosity and current efficiency will be presented in
chapter 6 where we have changed pore diameters while keeping the spacing fixed by
changing pH. The incorporated anions and the water content in the AAO strongly
depends on the electrolyte, pH and voltage and hence can cause changes in pore diameter
and volume expansion as shown later in chapter 6.
2.7.4 Effect of Temperature
Increasing temperature is equivalent to increasing the aggressiveness/decreasing pH in
most cases [BOCC, 02, 03]. However, the anionic impurity content decreases with
increasing temperature while the ratio of inner to outer barrier increases with increasing
temperature due to the tendency for the oxide to grow crystalline at higher temperature
[THOM, 83], [SULL, 70].
A summary of the dependence of various parameters on the applied voltage,
current, temperature and pH are listed in Table 2.2. The results listed with question marks





Steady- Steady- Pore size Pore Barrier Dinner Anionic Electric
state state
'd' spacing's' thickness impurity field
voltage current db Douter content
Increasing
pH Fixed Decreases Negligible Increases Increases Decreases Decreases DecreasesAtfixed (strong) change (weak) (strong) ?? ?? (weak)Voltage ??
Atfixed Increases Fixed Increases Increases Increases Increases Decreases Increases
Current (strong) (strong) (strong) ?? ?? (weak)
Increasing
Temp
Fixed Increases Increases Negligible Decreases Increases Decreases Increases
Atfixed ?? change ?? ??
Voltage
Atfixed Decreases Fixed Decreases Decreases Decreases Increases Decreases Decreases
Current (weak) ??
Increasing Fixed Increases Increases Increases Increases Increases Increases NegligibleVoltage (strong) (strong) (strong) changeAtfixedpH, T
Increasing Increases Fixed Increases Increases Increases Increases Increases NegligibleCurrent
Atfixed pH, T (strong) (strong) (strong) change
Table 2-2 Effect of electrochemical conditions on the film physical and chemical properties
(j)
~
Porosity Pore Ionic current
p= trd2 /4
density Oxide Al reaction rate efficiency
hoxide2 growth (oxidation + i ox
. s2 . Nn=l/s .
J' rate dissolution) --
hAli tot
Increasing
pH Increases Decreases Decreases Decreases Decreases DecreasesAtfixed ?? (weak) (strong) (strong) (strong) ?? (strong) ??Voltage
Atfixed Decreases Decreases Negligible Fixed Increases Negligible
Current (strong) (strong) change change
Increasing
Temp
Decreases Negligible Increases Increases Negligible Negligible
Atfixed (weak) change (strong) change change
Voltage
Atfixed Increases Increases Increases Fixed Decreases Decreases
Current ??
Increasing Decreases Increases Increases Increases Increases IncreasesVoltage (strong) (strong) (strong) (strong) (strong) (strong)Atfixed pH, T
Increasing Decreases Increases Increases Increases Increases IncreasesCurrent (strong) (strong) (strong) (strong) (strong) (strong)AtfixedpH, T
Table 2-2 (contd.) Effect of electrochemical conditions on the film physical and chemical properties
2.8 Stress generation during anodic oxidation
The optical, thermal, mechanical and dielectric properties of porous alumina have been
previously reported. Here, we discuss only the mechanical properties of porous alumina
and in particular, stress generation during growth as it is central to our proposed model
for porous alumina formation and ordering. The details on our stress measurements and
findings will be presented in Chapter 8.
2.8.1 Introduction
Various processes that occur during anodic oxidation of aluminum give rise to stress in
both the aluminum oxide and the underlying aluminum substrate. Stresses in the oxide
can lead to cracks or delamination and affect the functional properties of alumina and
hence have been studied since the 1960s [VERM, 63], [BRAD, 66], [NELS, 93], [KIM,
95], [MOON, 98a, b), [BENJ, 99]. Stresses in thin films can occur due to volume change,
thermal mismatch, vacancy incorporation/annihilation, grain growth, lattice mismatch
and other growth related stresses and can also be relaxed by creep mechanisms.
In films formed by anodic oxidation, the thermal mismatch stresses are generally
insignificant as the oxidation occurs near room temperature. Lattice mismatch between
the oxide and the metal substrate have been attributed as the cause of stresses in
crystalline oxide films grown at high temperatures. In the case of anodic oxides, the oxide
is generally amorphous and hence the mismatch stresses has generally not been
considered in the past. For the same reason, grain growth during anodization has also not
been reported. Below we discuss the most common mechanisms for stress generation
considered in the literature during anodic oxidation of aluminum.
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2.8.2 Stress due to volume change (Pilling-bedworth ratio)
The most often sited source of stress in growing oxides is due to the volume change that
occurs when a metal is converted to its oxide. Pilling and Bedworth [PILL, 23] first
presented this as a ratio (and hence the short form PBR) of the molar volume of oxide to
the molar volume of the metal. For aluminum, PBR can be expressed as
(2.5)
where MAIO and M AI are the molecular weights of alumina and aluminum
2 3
respectively; and PAlO and P AI are the densities of aluminum oxide and aluminum
2 3
respectively" If PBR>1, compressive stresses can arise and if PBR<1, tensile stresses can
arise in the oxide. The PBR values between 1.3 and 2.0 have been reported depending on
the density of alumina [NIEL, 02], [LI2, 98].
Bradhurst and Leach [BRAD, 66] measured the stress of barrier-type AAO in
ammonium borate solution and reported a compressive stress at low current densities and
tensile stresses at higher current densities. Furthermore, the compressive stresses
measured by Bradhurst and Leach were 20 times lower than the predicted stress from the
PBR values" They concluded that creep deformation can occur during anodic oxidation
due to field-activated diffusion and relax any stress related to volume expansion. Hence,
the use of the PBR to predict stresses in oxide may not always be applicable.
2.8.3 Stress due to Vacancy incorporation/annihilation
Anodic oxidation of aluminum occurs by movement of ions through the formed oxide. If
anions move to the metal-oxide interface and react to form oxide, then the oxide is
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constrained by the substrate in the plane of the film to expand and hence can lead to
compressive stress. However, if the cations move to the outer surface and react to form
oxide, the oxide may be stress-free. Metal cation and oxygen anion transport numbers are
dependent on the current density and this may give rise to changes in stress with current
density. However, as postulated by Bradhurst and Leach [BRAD, 66], other stress
relaxation mechanisms such as creep deformation can occur even at low temperatures due
to the high electric field. Some researchers [FROM, 75], [STRI, 70] have even contended
the validity of PBR based model proposing mechanisms such as oxide displacement by
rigid-body movement, metal ion movement and rearrangement due to electric field and
hence have concluded the PBR effect on the stress of the oxide to be minimal.
Nelson and Oriani [NELS, 93] studied the anodic oxidation of titanium and
aluminum by measuring stress usin& a deflection technique and observed a transition
from compressive to tensile stress in aluminum oxide anodized in sulfuric acid solution at
room temperature. They proposed that if the transport number for the anion is less than
unity, the oxide volume in the PBR ratio must be multiplied by the transport number of
the anion and hence the PBR should have a correction factor of the value of the transport
number of the anion. They postulated that "if the transport number is such that the
volume of oxide forming at the inner interface is exactly the same as the space made
available by the ionization of the metal, no stresses would be generated". This critical
value is the inverse of the PBR value without any correction. They also predicted that
when the corrected PBR is less than 1, it can lead to buildup of free space in the
interfacial region and a large tensile stress in the metal. Based on these findings, they













Fig. 2-4 Moon and Pyun's model for stress generation in anodic aluminum
oxide. Vacancy annihilation or generation leads to compressive and tensile
stress. [MOO ,98b]
65
Moon and Pyun [MOON, 98a, b] explained the observation of compressive and
tensile stresses at low and higher current densities by annihilation and generation of point
defects (Fig. 2-4). According to their theory, the annihilation of aluminum vacancies in
the oxide will lead to a compressive stress and the formation of oxide vacancies will lead
to a tensile stress in the oxide. However, their experimental measurements neglected the
contribution of electrostriction to stress.
It is also important to note that previous reports related to stress measurements
during anodic oxidation have not experimentally identified the exact region where the
stress is generated, i.e. if the stress is present in the oxide or in the aluminum beneath the
oxide or at the aluminum-oxide interface. More discussion and experimental results will
be presented in chapter 5.
2.8.4 Stress due to the applied electric field (electrostriction)
Metal-oxide-solution can be treated as a capacitor with the oxide dielectric. In a
capacitor, the charges that are at the two ends exert a normal and attractive force.
However, alumina is a rigid material and hence the electrostrictive force creates a
compressive stress on the aluminum oxide normal to its surface. The magnitude of this
stress is proportional to the dielectric constant '8' and the square of the electric field
strength' E 'and is given by [FROM, 75]
(2.6)
This compressive stress is often experimentally observed to be reversible [NELS,
93] i.e. the oxide relaxes when the electric field is removed and becomes compressive
when the electric field is turned on.
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2.8.5 Stress due to anionic impurities and composition
variations
Vermilyea [VERM, 63] reported a tensile stress due to the presence of a hydrated oxide
and proposed that it depends on the degree ofphysical trapping ofwater and on the extent
of dehydration that occurs concurrently by migration of protons. Variations in
composition of the oxide and impurities in the original metal can also lead to stresses in
oxides.
The discussions presented so far help us understand the various transport and
kinetic factors as well as the mechanical properties of the oxide and aluminum that affect
the morphology of the aluminum oxide. While the experimental dependence of the pore
dimensions on these factors have been studied in detail, there is not yet a clear
understanding of the mechanism of the formation of pores in acidic electrolytes. In
particular, there has been no prior experimental work that clearly relates any pore
formation nlechanism or model to experimentally measurable quantities. In the next
section, we present some of the proposed mechanisms of pore formation and discuss their
merits and demerits.
2.9 Pore formation and growth mechanisms
The applications of porous alumina as a template for variety of nanomaterials growth
have spurred interest in understanding the formation and ordering of porous alumina over
the past 10 years. Though the fabrication of porous alumina with well-controlled pore
size, spacing and ordering is relatively a new topic of research, the porous alumina
formation has been studied extensively in the past 50 years. While the control of the pore
size, shape and ordering has been made possible from the work initiated by Masuda and
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coworkers [MASU, 95, 97a, 97b], much of the understanding about the morphology, ion
transport and the initial stages of pore formation is owed to Thompson, Wood and their
co-workers from the University ofManchester who performed a variety of marker studies
along with transmission and scanning electron microscopy analysis beginning in the early
1970s [THOM, 87] [WOOD, 96] [SHIM, 91, 92].
The time evolution of the porous alumina formation is captured in the TEM
images shown by O'Sullivan and Wood [SULL, 70] (Fig. 2-5a & b). At very short times,
no pores are seen and a roughness similar to that of the initial electropolished aluminum
surface is seen. Black dots appear over time representing regions of locally thicker oxide
film whose apparent density increased with time. The small nuclei then merges slowly
leaving areas of locally thin oxide which over time results in pore formation. Cross-
section TEM images by O'Sullivan and Wood [SULL, 70] (Fig. 2-5b) showed that the
scallops in the aluminum surface formed simultaneously with the formation of the pores.
Both the diameter of the pores and the spherical scalloped regions increase in size
resulting in a tear-drop shaped pores. The scallop size increased with time until they
merged with other scalloped regions, thus resulting in porous alumina with uniform pore
size at steady state.
The theory of "field-assisted dissolution" was first proposed by Hoar and Mott in
1959 [HOAR, 59]. O'Sullivan and Wood [SULL, 70] later presented in detail a physical
mechanism along with experiments showing the effect of field-assisted dissolution on the
pore size, spacing and other porous-film properties. The paper by 0'Sullivan and Wood
is considered a classic work in the research area of porous alumina and has formed the











Fig. 2-5 TEM images of the pore formation process
as a function of time in phosphoric acid electrolyte at
5mA1cm2 shown by O'Sullivan and Wood. a) Plan



























Fig. 2-6 Field-assisted dissolution by
stretching and breaking of bonds at high
electric fields as proposed by O'Sullivan
and Wood (a) before polarization, (b)
after polarization, (C) removal of AI3+ and
0 2- ions, and (d) the remaining oxide.
[SULL, 70]
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Fig. 2-7 Oxide cracking and healing
process that occur due to tensile stress in
oxide during porous alumina formation
as explained by Shimuzu et al.
[SHIM, 92]
Wood [WOOD, 70] measured the barrier layer thickness, pore size & spacing and
established a direct relationship between the applied voltage and all of the above
mentioned parameters. From all of the experimental observations, they proposed that the
field-assisted dissolution involves stretching and breaking of the aluminum-oxygen bonds
under the applied electric field (Fig. 2-6). They argued that the electric field which is
concentrated at the bottom of the pore weakened the aluminum-oxygen bonds and
lowered the effective activation energy for dissolution which then led to field-assisted
and thermally-enhanced dissolution at the bottom of the pore. They observed that
anodization using relatively less-aggressive electrolytes led to a thicker barrier layer, and
increased pore size and spacing due to reduced field-assisted dissolution compared to
more-aggressive electrolytes. Sullivan and Wood [SULL, 70] also concluded that the
barrier-layer thickness, determined by the balance of oxide formation and field-assisted
dissolution, also determined the cell and pore size by a simple geometric mechanism.
However, they acknowledged that until it is possible to measure field-assisted dissolution
rate on a planar surface or estimate the field at the pore base from measuring the pore
geometry as a function of field, it is not possible to quantify the field-assisted dissolution
model.
Shimuzu et al [SHIM, 92] considered the pore initiation process as a transition
from a barrier-type film to a porous-type film due to cracking of film under tensile stress
as a result of PBR values less than 1. For films grown in neutral solutions at 100% ionic
current efficiency for oxide formation, they calculated a rate of voltage rise of 2.3 V/sec
at 5mA/cm2 from faraday's law. They observed a decreasing slope in the voltage-time
response with decreasing current density and pH. The amount of aluminum ions in
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solution also increases with decreasing current density and pH indicating a decrease in
current efficiency. The Pilling-Bedworth ratio (PBR) decreases from 1.7 at 100% current
efficiency to lower values at lower current efficiency. Shimuzu et al [SHIM, 92] argued
that when the current efficiency drops below a critical value, the PBR values decreases to
less than 1 (0.91 in the case of phosphoric acid) and proposed that the stress in the oxide
becomes tensile. They concluded that the build-up of tensile stress in the oxide
contributed to local cracking of the film above pre-existing metal ridges (from
electropolishing) on the metal surface. They also suggested that the cracked regions are
repaired by oxidation processes; however this leads to non-uniform film growth. The
locally thinner regions then become preferred regions for pore development (Fig. 2-7).
However they did not confirm the presence of stress by experimental measurements nor
explain the mechanism for formation of pores with a characteristic spacing dependent on
the applied voltage/current, pH and temperature.
Parkhutik and Shershulsky [PARK, 92] proposed a theoretical model taking into
account oxide growth at the metal/oxide and oxide/electrolyte interfaces as well as the
field enhanced dissolution at the pore base. Their model started with porous alumina
growing at a steady state and solved the Poisson equation neglecting the space charge as
well as transport of ions in the electrolyte. For the case of steady state growth, the
velocities of the metal/oxide interface and oxide/solution interface are the same and they
obtained an analytical expression for the electric field at the metal/oxide 'Em' and
oxide/solution interface 'Ee' as well as the pore diameter 'd' and spacing's'.







where AI, A2, A3 and~ are parameters dependent on the kinetic and faradaic constants
for the oxidation and dissolution reactions. However, the model does not discuss how the
system gets to the well-developed pore separation and size. The assumption of a
hemispherical pore base is also not valid. They also did not discuss if their analysis can
consider the ordering dynamics of porous alumina. Surface tension effects on the
interface electrochemical reactions are also neglected. Nevertheless, the model is able to
predict the linear dependence of the pore spacing on the applied potential observed in
experiments.
Thamida and Chang [THAM, 02] performed a linear stability analysis of an
initially flat oxide with both the metal/oxide and the oxide/solution interfaces moving at
the same speed (Fig. 2-8a). They concluded that the oxide is unstable to small
perturbations as the curvature causes focusing of the electric field at the troughs and
defocusing at the crests (Fig. 2-8b). Their mathematical model contained a second order
source term related to field-enhanced dissolution and a fourth order dissipation term
related to the lateral drainage of field strength due to diffusion of transverse potential
gradient. They predicted the fastest growing wavelength i.e. pore spacing to be related to




tjJo 231- 1.19 pH 'l
72
for pH < 1.77
They also predicted that for pH > 1.77, pores do not form due to a thick barrier layer.
While at high pH, a transition from porous to barrier layer has been reported by others as
well as in this thesis, the pH values for barrier-type growth observed experimentally are
much higher than their predicted value of 1.77. Furthermore, they performed a weakly
non-linear theoretical analysis and compared the numerically predicted pattern evolution
to experimentally observed porous alumina pore morphologies. They modified the model
proposed by Parkhutik and Shershulsky [PARK, 92] to incorporate the actual shape of
pores experimentally seen and predicted the pore diameter and porosity dependence on
the applied voltage and pH. However, their model could not predict the ordering of pores
and they proposed that long range effects like space charge or anions in the oxide are the
cause for such self-organization of the pores, as they tend to arrest pore growth and allow
lateral adjustment.
In the perturbation analysis presented by Thamida and Chang [THAM, 02], the
potential at the oxide-solution interface is not perturbed which is mathematically
incorrect. Also, they incorrectly use the high field equation to describe the kinetics at the
metal-oxide and oxide-solution interface. The exponential field dependence of current
density is not a kinetic relation and is generally used to describe the transport of charged
species at high electric fields. Also, the dependence of pore spacing on the applied
voltage agreed with experimental results only in a limited range of pH values.
Though the model proposed by Thamida and Chang as well as O'Sullivan and
Wood relies heavily on the concept of field-enhanced dissolution at the bottom of the
pore, there is a subtle difference in their physical basis for field-enhanced dissolution.
According to O'Sullivan and Wood [SULL, 70], field-enhanced dissolution is caused by
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Fig. 2-8 Instability analysis proposed by Thamida and Chang [THAM, 02].
a) Disturbance wave b) field focusing and defocusing effect on the growth of
disturbance
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bond stretching at the pore base while Thamida and Chang [THAM, 02] presented a pure
geometric argument for increased field at the pore bottom. However, we question both
these models by presenting a simple schematic of an undulated surface during any
electrodissolution process.
Consider a perturbed surface as shown below In Fig. 2-9 undergoing either
electrodeposition or electrodissolution.
Eo - electric field at an initially flat surface
E1 - electric field at the valley after perturbation
E2 - electric field at the hump after perturbation
E2
E2 > EO> E1
Electrodeposition
Growth rate at hump higher than growth rate at valley. V2> V I
Perturbation grows with time
Electrodissolution
Dissolution rate at hump higher than dissolution rate at valley.
Perturbation decays with time D2 > D1
Fig. 2-9 Perturbation analysis for electrodeposition and electrodissolution processes
In electrodeposition, a growIng interface becomes unstable due to enhanced
potential and concentration gradients at the humps compared to the valley. Mathematical
analyses of this instability phenomenon have been presented in detail in the past by
Sundstorm and Bark [SUND, 95], Krishnan et al [KRIS, 02] and Pritzker and Fahidy
[PRIT, 92]. By the same argument, during electrodissolution, any undulations decay due
to the enhanced potential gradients at the humps compared to the valley. This argument
can also be extended when dissolution occurs during anodic oxidation of aluminum and
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hence is in direct contradiction to the model suggested by Thamida and Chang [THAM,
02]. In fact, Chang and coworkers [YUZH, 99] argued in an earlier paper on
electropolishing that "In dissolution or melting, the enhanced transport from an interfacial
maximum serves to diminish its relative growth rate with respect to the minimum.
Dissolution processes are then known to produce very smooth and stable interfaces."
Hence we question the field-assisted dissolution theory to explain pore formation and
propose a new theory for pore formation based on a stress-induced instability later in this
thesis (For details refer to Chapter 5).
2.10 Pore ordering mechanisms
Anodic porous alumina forms as a self-assembled hexagonally packed porous structure
over a certain range of applied potentials and electrolyte concentrations. Though Masuda
et al [MASU, 95, 97a, Ola, Olb, 04] and others [CHOI, 02, 03] have shown remarkable
control over the self-ordering of porous alumina to obtain highly ordered pore arrays, the
mechanism for the ordering process is less understood and only a few methodical
experiments on pore ordering have been reported [JESS, 98], [NIEL, 02], [ONO, 04].
Jessensky et al [JESS, 98] measured experimentally the volume expansion of the
aluminum during anodic oxidation of aluminum and the current efficiency in oxalic and
sulfuric acid solutions as a function of applied voltage. They concluded that the optimal
conditions of voltage and pH for self-ordering of pores occur at moderate volume
expansions. They further proposed that the resulting mechanical stress at the metal-oxide
interface causes repulsive forces between the neighboring pores which promote the self-
ordering of pores. Li et al [LI2, 98] performed anodization in phosphoric, oxalic and
sulfuric acid solutions under appropriate conditions of self-ordering and reported a
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volume expansion of approximately 1.4 for all of the self-ordered regimes. Based on the
volume expansion and the porosity, they calculated the stress in alumina to be 4 GPa,
compressive. However, they pointed out that experimental values of the stress in barrier-
type films reported by Bradhurst and Leach [BRAD, 66] do not match the calculated
values. Furthermore, their explanation for the cracks observed at high voltages near
breakdown based on high compressive stress is questionable as compressive stresses
generally lead to buckling of films.
Nielsch et al [NIEL, 02] measured the porosity under conditions of ordering and
found that the porosity was equal to -10% for various self-ordering voltages and
concentrations which corresponded to a volume expansion of about 1.2. They explained
their results based on the theory proposed by Jessensky et al [JESS, 98].
The model proposed by Jessensky et al [JESS, 98] raises several senous
questions. First, the simple argument based on the PBR or volume expansion has been
shown in many other experimental systems to be invalid. We show later in Chapter 8 in
this thesis that the measured stresses are in fact tensile with most of the stress present in
the aluminmTI beneath the oxide. This is clearly in contradiction with the proposed model
by Jessensky et al [JESS, 98] based on pore repulsion due to compressive stresses.
Recently, Ono and coworkers [aNa, 04] performed anodization in various
electrolytes and reported the porosity as a function of applied voltage. They observed that
the porosity value approaches 10% at high voltages close to the breakdown potential.
Self-ordering was also observed under these conditions and suggested that the high
current density or high electric field strength is the key controlling factor for self-
ordering. However, it is unclear whether the porosity value of 10% is the lowest value
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observed before breakdown as in oxalic acid solutions, breakdown does not occur even
up to 80V while self-ordering is observed at 40V.
2.11 Experimental techniques for fabrication of
porous alumina with short-range order
Though the existence of a close packed honeycomb porous structure was reported by
Keller, Hunter and Robinson as early as 1953 [KELL, 53] and later by others [ALWI, 65,
67] based on TEM observations, porous alumina with good short range hexagonally
ordered domains with domain sizes as large as few microns was first demonstrated3 in
1995 by Masuda and coworkers [MASU, 95, 96]. Masuda et al [MASU, 96] observed
that when aluminum with high purity and low roughness was anodized in a O.3M oxalic
acid solution at 40V for long periods (1 Ohrs or more), the initially disordered pores
formed a locally ordered hexagonal geometry over time. They then removed the porous
aluminum oxide by preferential wet etching (see chapter 3 for etching conditions) and
obtained a textured pattern of concave dimples in the remaining aluminum surface. When
this aluminum with a textured pattern of concave dimples was anodized the 2nd time
under the same conditions as the 1st anodization, the pores formed at the sites defined by
the concave dimples in the aluminum surface during the 2nd anodization and resulted in
porous alumina with short-range order and a 100nm pore spacing through the entire
thickness. A schematic of the 2-step anodization (or double anodization) technique is
shown in Fig. 2-10. Masuda et al [MASU, 96] observed locally ordered porous alumina
formation in a narrow range of potentials in oxalic acid solution. Later, by using this 2-
3 Interestingly, Masuda et al used an etching recipe similar to Alwitt et aI, who removed the oxide after
anodizing for 5 minutes for TEM investigations. As their anodization time was short and the voltages were
different, Alwitt et al. didn't report observe short range order.
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step anodization technique, Masuda et al [MASU, 97b, 98], again showed that a self-
ordered porous alumina with short range order is formed both in sulfuric acid and
phosphoric acid solutions (0.3M) at 25V [MASU, 97b] and 195V [MASU, 98]
respectively. In the case of sulfuric acid, the pore spacing is 65 nm and in the case of
phosphoric acid solution, the pore spacing is 500nm.
Other conditions for formation of self-assembled porous alumina with urn-scale
domain size were reported by Jessensky et al [JESS, 98] and Li et al [LI2, 98] using
phosphoric acid and sulfuric acid solutions. Li et al [LI2, 98] also presented an empirical
plot of the dependence of interpore distance on the applied potential and the range of
potential and pH conditions for short range order and reported a linear dependence of
pore spacing on voltage with a slope between 2.5 and 2.7 (Fig. 2-11).
Shingubara et al [SHIN, 04] studied the effect of mixtures of acids on the self-
ordering of porous alumina. By using a mixture of O.3M oxalic acid and sulfuric acid at a
1: 1 ratio, they obtained locally ordered porous alumina with a pore spacing of 73nm at
36V.
Recently, Ono et al. [aNa, 04] reported self-ordered alumina formation in two
other weakly acidic electrolytes, 2M citric acid and 0.1 M malonic acid anodized at 240V
and 150V rt":spectively. They concluded that the conditions inducing film growth under
the high current density, namely, the high electric field strength, is the key factor
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Fig. 2-11 Linear dependence of the interpore distance on the anodic voltage [LI2, 98].
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2.12 Experimental techniques for fabrication of
porous alumina with long-range order
In the previous section, we discussed the 2-step anodization technique to fabricate porous
alumina with short-range-ordered pores. As shown by Masuda et al [MASU, 95, 96], the
short- range order is caused by the pre-pattern that existed in the aluminum after the first
anodization. Several approaches to obtain long-range order have been proposed and
successfully demonstrated. Below, we present a brief discussion of these techniques and
their advantages and limitations.
2.12.1 Nano-imprint lithography
Fabrication of ordered porous alumina with long range order was first demonstrated by
Masuda et al in 1997 [MASU, 97]. They proposed a nanoimprint technique to obtain
perfectly ordered porous alumina with high aspect ratio by guiding the development of
the hole pattern by the pre-texturing the aluminum surface with periodic dimples and
anodizing at appropriate conditions of voltage for self-ordering. They created a shallow
ordered array of concaves on the aluminum surface by imprinting a master stamp
consisting of hexagonally arranged array of silicon carbide convex tips fabricated using
electron-beam lithography techniques. Fig. 2-12 shows a schematic of their process and
Fig. 2-13 shows the effect of imprint on the ordering. Using this technique, they
demonstrated the fabrication of monodomain porous alumina with pore spacings of
63nm, 100nIn, 150nm and 200nm [ASOR, 01], [MASU, 98]. This new approach is an
engineering feat in the area of porous templates in general and is an important milestone
in the area of anodic porous alumina research.






Fig. 2-12 Nanoimprint process by Masuda et al
Aluminum was imprinted using a stamp in an oil





Fig. 2-14 Nanoimprint mask making process by








Fig. 2-13 Long-range ordered porous
alumina by Masuda et al [MASU, 97]
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ordered nanoporous templates with high aspect ratios because the texturing process based
on nanoindentation is a simple, cheap and fast technique, and the mold for
nanoindentation can be used several tens of times. However, the limitations of this
technique include small imprint area (2-3mm) due to the stamp size as well as surface
defects due to the imprint non-uniformity. Furthermore, molds have to be custom-made
for each inter-pore distance and so, immediate modification of pore spacing and pore
diameter to suit the needs becomes a challenge.
Choi et al [CHOI, 02] modified Masuda's master fabrication process to use DUV
lithography as well as wafer bonding technique to create a master stamp consisting of a
hexagonal lattice of pyramids with a height of about 260 nm and a lattice constant of 500
nm on a 4" wafer (Fig. 2-14). The advantages of this approach include a larger imprint
area as well. as lower stamping pressure (50 times lower compared to the master mold
used by Masuda et al [MASU, 97]). However, the process window for reliable transfer of
the pattern is still small. They reported that if the applied pressure is too high (> 10
kN/cm2), the master stamp is easily broken, and the patterns are only formed locally if the
pressure is below a threshold value (>2.5 kN/cm2). Furthermore, the size and depth of the
imprint pattern varied widely leading to occasional defects on the surface. Though this
technique works reasonably well for stamping on bulk aluminum substrates, it may not be
practical for stamping aluminum films deposited on delicate substrates such as silicon
and glass. The DUV lithography technique also limits the feature size and their results
have only been shown for a 500nm pore spacing to date.
Another variation to this technique was shown by Mikulskas et al [MIKU, 01]
who used two successive indentations using commercial available optical diffraction
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gratings to obtain an aluminum surface profile of close packed arrays. By using a
diffraction grating with a line spacing of 833nm and imprinting twice, the second imprint
60° with respect to the direction of first imprint, they obtained rhombus-shaped ridges of
period 833nm/sin(60°). They then chose an anodization condition matching half the
period to obtain pores in the grooves as well as additional pores on top of the rhombus-
like ridges. A schematic taken from their paper is shown in Fig. 2-15. The use of
commercially available diffraction gratings makes this technique cheap; however, the
period is limited by the grating period that is commercially available as well as
uniformity of the imprint pressure.
2.12.2 Electron-beam and Ion-beam lithography
Electron and ion beam lithography provide the advantage of high spatial resolution
«100nm) and hence can be used as techniques for patterning the aluminum surface. Li et
al [LI2, 00] used electron beam lithography (EBL) to transfer a 200nm pitch hexagonal
pattern from the photoresist to electropolished aluminum substrates by wet chemical
etching (Fig. 2-16). The patterned aluminum was anodized at 85V in 0.04M oxalic acid
solution to obtain monodomain porous alumina with 200nm spacing and 50um length.
Liu et al. [LIU1, 01], [LIU2, 03] used focused ion beam lithography (FIB) methods to
create a hexagonally close-packed lattice of concave dimples on a polished aluminum
surface by sputtering the aluminum surface using gallium ions. The concave dimples act
as pore initiation sites and guide the growth of nanochannels during anodization, similar
to other methods. They successfully showed ordered pores with 100nm pore spacing by
anodizing in 0.3M oxalic acid at 40V. However, due to non-uniformity in FIB patterning



















Fig. 2-15 Imprint using a commercially
available diffraction grating shown by
Mikulskas et al [MIKU, 0I]
Fig. 2-16 Monodomain porous alumina using







Fig. 2-17 Nanoimprint process by scanning probe lithography shown by Shingubara et al
[SHIN, 03].
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surface. They later modified the patterning process (Fig. 2-16) to first pattern a thin layer
of PMMA resist on aluminum and then transfer the pattern to the aluminum by wet
chemical etching [LIU2, 03]. This modified approach reduced the defects as well as
improved the speed of patterning (",20 us/pore). They further reported the threshold depth
of the concaves for effective guiding to be about 3nm and showed the optimized dose for
high speed FIB patterning and guided pore growth to be '" 1014 ions/cm2•
Both e-beam and FIB lithography suffer a common limitation of low throughput
due to the serial writing process and also requires vacuum during the patterning process.
2.12.3 Scanning probe lithography
Scanning probe lithography (SPL) is a technique to pattern sub-micron features using an
AFM/SPM tip [QUAT, 97]. Various SPL methods include mechanical indentation, tip-
induced local electrochemical oxidation and deposition and electron exposure of
photoresists. Some of the advantages of SPL compared to EBL include a wide exposure
latitude and improved linearity in the pixel writing scheme, reduced proximity effects and
operation at atmospheric pressure [WILD, 98]. Shingubara et al [SHIN, 03] and Masuda
et al [MASU, 02] have shown mechanical indentation of aluminum using scanning
probes to obtain ordered porous alumina with pore spacing controlled by the indentation
period (Fig. 2-17). The limitations of SPL for ordered alumina formation include slow
and serial writing as well as wear out of the tip over time.
2.12.4 Self-assembly induced self-assembly (SAlSA) of porous
alumina
A novel approach to templated self-assembly is by using another self-assembly system to
impose ordering of porous alumina. In fact, the general approach of using one self-
assembly system to create order in another self-assembly process was alluded by
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Feynman in his famous speech "There's plenty of room at the bottom" [FEYN, 59]. He
suggested this approach as a method to obtain ordering of materials with desired
properties at the molecular scale by shrinking down in size by moving from one self-
assembly system to another.
Masuda et al [MASU, 04] used a 2-D array of ordered polystyrene particles with
200nm spacing on glass plate as substrate for aluminum deposition. After removing the
aluminum film from the substrate by mechanical cleaving and separating the polystyrene
particles from the Al film, the bottom of the film replicated the pattern of the polystyrene
particle array. A schematic of their process is shown in Fig. 2-18. The anodization of the
resulting film lead to ordered porous alumina membranes. This technique however is not
applicable for anodizing bulk aluminum foils or aluminum on silicon substrates and can
be only used to obtain free standing thin and fragile porous alumina membranes. Due to
dislocations and other defects in the polystyrene array, surface defects are present in the
porous alumina as well.
Recently, Fournier-Bidoz et al. [FOUR, 04] used colloidal silica nanospheres of
uniform diameter ordered on mica substrates by evaporation induced self-assembly as an
imprint stamp to transfer the hexagonal pattern by nanoindentation (Fig. 2-19). Using this
technique, they demonstrated a non-lithographic approach for nanopatterning of the
aluminum substrate, thereby obtaining ordered porous alumina with pore diameters
ranging fronl 150 - 500nm. The main limitation of this technique is the difficulty in
obtaining a uniform monolayer of ordered colloidal nanopartic1es.
A similar approach was also shown by Tabone et al [TABO, 05a, b] by using sub-
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Fig. 2-19 Nanoimprint process using self-
assembled colloidal particles by Foumier-









Fig. 2-18 Self-assembly ofporous alumina
using a self-assembled polystyrene array by
Masuda et al [MASU, 04].
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Fig. 2-20 Ordered porous alumina with
a) square and b) triangular symmetry
shown by Masuda et al [MASU, 01 b].
The symmetry was changed by
choosing the stamp with appropriate
pattern.
Fig. 2-21 Stamps fabricated by Masuda
et al [MASU, 03] with periodic defects
to form porous alumina with ordered
mosaic nanocomposites.
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10nm dianleter ordered quantum dots as imprint stamp demonstrating the possibility of
ordered porous alumina with <1Onm pore spacing.
2.13 Porous alumina with tailored pore shapes
and symmetries
All of the techniques described in the previous section result in monodomain porous
alumina with hexagonal closed packed porous structure. Modifications to these
techniques have resulted in porous alumina with tailored pore shapes and symmetries.
The initial formation of the pores is strongly affected by the texturing of the
aluminum surface. By starting with a layout of the initiation sites of holes in square and
graphite structure lattices, Masuda and his coworkers [MASU, 01 b] produced metastable
hole-array architectures in porous alumina with square and graphite structure patterns,
and in corresponding square and triangular openings (Fig. 2-20a & b).
Masuda et al. [MASU, 03] also showed that periodic defects in the imprinted
aluminum surface can be formed by starting with a stamp containing lithographically
defined defects. For example, they imprinted periodic hexagonal dimples with a missing
site at the center of every hexagon on the aluminum surface from a suitable stamp as
shown in Fig. 2-21. When they anodized the resulting structure, pores formed at the
center of the hexagonal (missing site) as well as at the imprinted sites. However, they
reported that the barrier layer was thinner at the unimprinted sites than at the imprinted
sites for reasons not yet known. Using timed chemical etching of the barrier oxide, they
were able to selectively open the pores at the unimprinted site. They successfully
demonstrated an ordered mosaic of nanocomposites by selective electrochemical filling
of the pores at the unimprinted and imprinted sites with different metals.
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Another approach to the control of the self-assembly of pores is based on
combining pre-patterning techniques as well as the anodization conditions such as
potential and pH. Mikulskas et al [MIKU, 01] adjusted the applied potential to match half
the spacing of the stamp and obtained ordered porous alumina with half the lattice
constant as the master stamp. Choi et al [CHGI, 03] also showed that monodomain
alumina pore arrays with an interpore distance smaller than the lattice constant of the
master stamp can be synthesized if the applied potential is modified accordingly. In their
case, the pore spacing was 0.6 times the lattice constant of the master stamp.
Choi et al also fabricated porous alumina with moire pattern arrays by
nanoindenting the aluminum surface twice with a master stamp containing hexagonal
pattern. They showed that by controlling the rotation angle between first and second
indentation, moire patterns with different periodicities can be made.
As a concluding remark, we note that though the period and the symmetry can be
externally controlled using the above-mentioned techniques, the thickness of the porous
alumina up to which templated self-assembly occurs without any defects is limited for
anodization conditions that do not closely match those that result in short-range order.
For example, ordered porous alumina with hexagonal close-packed pores templated at
80V (where no natural self-ordering has been observed) is ideally ordered only up to a
depth of 10um. In the case of ordered porous alumina with pores in square lattice
templated at 80V, the ordering depth is less than 4um.
2.14 Summary
In this chapter, we presented a general overview of the science and technology of porous
alumina and the understanding of pore formation, growth and ordering mechanisms
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proposed by several groups. The overview presented in this chapter led us to raise several
important questions:
1. What are the driving forces for pore formation, growth, and ordering?
2. Is porous oxide formation a simple field-induced dissolution phenomenon, Or
do the pores form due to a tensile stress in the oxide? How does the stress vary
with electrochemical conditions? Is the oxide under stress or is the aluminum
under stress?
3. .A.re there other methods for fabricating monodomain porous alumina on large
areas, for example, on a 12" wafer? How do we obtain pore dimensions below
even electron beam lithography techniques with long range ordering?
4. How strongly is the pore size and spacing interdependent? Can we
independently control the pore size and spacing?
5. How does anodization occur in confined structures?
6. Lastly, are there other systems analogous to porous alumina that form self-
assembled porous structures? Are the mechanisms the same or similar?
In the rest of the thesis, we attempt to answer most of these questions by thorough






In this chapter, we describe the various fabrication and characterization techniques for
porous alumina with short-range and long-range order, as well as the experimental
methods used to investigate the pore formation and ordering mechanisms. Pre-treated
high purity (99.999%) bulk aluminum samples and electron-beam evaporated thin films
of aluminum on oxidized silicon or cover glass have been used as substrates for
anodization experiments.
The main techniques employed for the growth of nanoporous alumina and
nanomaterials grown in porous alumina are listed below. More details will be presented
in the following chapters along with experimental results and discussion.
• E'lectrochemical methods
>. Electropolishing: to reduce the roughness of aluminum surfaces to below 5nm.
)- Anodization: to electrochemically oxidize aluminum and to obtain ordered
porous structures.
~ Electrodeposition: to grow metallic nanowires, rods, and dots inside the pores
of alumina for a variety of applications. (e.g. catalyst-assisted CNT growth)
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• Thin film fabrication techniques (e.g. sputtering, e-beam evaporation, chemical
vapor deposition): to deposit thin films of aluminum, magnetic and non-magnetic
materials and thermal oxides of silicon.
• Interference lithography: to pattern aluminum films, silicon substrates and silicon
oxide on aluminum at the nanoscale for long range ordering of porous alumina by
self-assembly.
• Chemical vapor deposition: to grow supported and aligned carbon nanotubes in
porous alumina assisted by nickel nanodot catalysts.
• Contact lithography: for micron-scale patterning of silicon oxide on aluminum, to
study the effects of confinement on anodization.
• Imprint lithography: to transfer the pattern of the master stamp to an aluminum
surface, thereby guiding the pore formation at imprint sites.
• Dip-pen nanolithography: to form a self-assembled organic monolayer on the
surface of nanowires embedded in porous alumina.
• Inorganic and organic chemical processing in vapor-liquid phases: to fabricate
metallic and composite nanotubes and metallic nanowires.
• Ion-milling: to remove overgrown metallic nanowires and carbon nanotubes, and
to remove surface defects on porous alumina.
The techniques used for the characterization of porous alumina on vanous
substrates as well as the methods used to investigate the pore formation and ordering
processes are also listed below:
• Scanning electron microscopy: to characterize the size, shape and position of the
pores, both in plan view as well as in cross-section.
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• Atomic force microscopy: To obtain topographic details of both the open ends
(pore-side) and closed ends (barrier-side) ofporous alumina samples.
• Current and voltage measurements: To study the kinetics of porous alumina
formation and to evaluate the current efficiency for oxide formation.
• Cantilever-curvature technique: To measure the stress evolution insitu during
porous alumina formation.
• Wafer-curvature technique: To measure the stress exsitu as a function of
anodization time, current density and pH.
Other techniques used to characterize the nanomaterials grown in porous alumina
templates will be described in Chapter 9 of this thesis. Techniques such as AFM, SEM,
laser-assisted wafer curvature measurement are commonly used and have been described
in detail in the literature. We therefore limit our discussions in the reminder of this
chapter to the experimental setup and general procedures for porous alumina fabrication.
In addition, a brief overview of the interference lithography technique will be presented
as it is essential for obtaining porous alumina with long range ordering of pores over
large areas. A summary of the process recipes used for the fabrication of porous alumina
is given in appendix E.
3.1 Fabrication of locally-ordered porous alumina
Masuda et al [MASU, 96] showed that when aluminum is anodized under appropriate
conditions of voltage and pH for several hours, self-organization of pores occurs as
anodization proceeds and pore arrangement evolves to a hexagonal close-packed
structure at the bottom of the pore channels. Locally ordered pores with various pore
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spacing and size have been reported by previous studies. Here, we describe the technique
for fonning ordered pores using phosphoric, oxalic and sulfuric acid solutions.
3.1.1 Substrate pre-treatment (bulk Al samples)
High purity (99.999%) aluminum discs (0.25" to 2" diameter, Imm thick, Alfa- Aesar
Inc.) were degreased with acetone in an ultrasonic bath followed by rinsing in methanol
and isopropanol solutions. The aluminum discs were then chemically treated with
solution containing HF:HN03:HCI:H20 in the ratio of 1: 10:20:69 at 50° C, to remove
organic impurities and grease from the surface. Following the chemical cleaning, the
aluminum discs were annealed under an inert gas atmosphere at 400-500C for 5 hours to
induce grain growth. The final average grain size was typically several hundred microns
to mms.
3.1.2 Electrochemical cell
The annealed aluminum discs were mounted in a custom-fabricated electrochemical cell
shown in Fig. 3-1. The electrochemical cell was designed by Nielsch and other members
of Prof. Gosele's research group from MPI-Halle. An engineering layout of the cell
design is also shown in Fig. 3-2. The aluminum disc serves as the anode while a platinum
mesh serves as the cathode. The aluminum disc is placed on the brass plate and the teflon
top is sealed to the brass plate using viton o-rings and stainless steel screws. To avoid
oxygen evolution and contact of the electrolyte with the brass bottom during anodization,
the seal was ensured to be leak-proof. To minimize joule heating effects and to obtain a
hard anodic oxide (see chapter 2), all of the experiments described in this thesis were
carried out between 0 to 5° C, unless otherwise stated. A commercial thermoelectric




A. Teflon top with Platinum
cathode.
B.Teflon bottom to hold
electrolyte.
C. Brass plate with
aluminum sample that is 0-




Fig. 3-1 Experimental setup for anodic oxidation of aluminum. The figure on the
top shows the sample-mounted electrochemical cell on a temperature controlled
thermoelectric cooler. The platinum electrode wound on a teflon cap is shown in
the bottom left. The sample is placed on the brass plate shown in the bottom right
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Fig. 3-2 Schematic of the engineering layout of the anodization cell
control the temperature to within ± 1° C and to uniformly mix the electrolyte during
electropolishing and anodization.
3.1.2 Electropolishing
Electropolishing is a common technique used to reduce roughness and remove tarnish
from metals such as aluminum and copper. Electropolishing or surface smoothening
occurs due to increased electric fields at the surface protrusions compared to the valleys,
resulting in dissolution of the protrusion faster than the valley. Yuzhakov et al [YUZH,
99] and Guo and Johnson [GUO, 04] have recently proposed theoretical models to
explain the phenomena of electropolishing and have also predicted experimentally
observed morphologies formed during electropolishing.
We carried out electropolishing using a mixture containing 2S% Perchloric acid +
7S% anhydrous ethanol solution at 20-2SV and SO C for 3-S minutes to reduce the surface
roughness of aluminum prior to anodization. The surface roughness after electropolishing
was typically found to be less than Snm (based on AFM images).
3.1.3 Two-step anodization
To obtain short-range ordered porous alumina, a two-step anodization is used. First, the
electropolished aluminum discs were anodized in one of the three solutions: O.IM
Phosphoric acid at 19SV, 0.3M oxalic acid at 40V or 0.3M sulfuric acid at 2SV. The
temperature of the electrochemical cell was maintained at 4°+/_1 ° C for anodization in
sulfuric and oxalic acid solutions and 0° C for phosphoric acid solution. The first
anodization is typically performed for 12-24 hours. The aluminum oxide from the first
anodization is then selectively etched in 1.8wt% chromic acid + 6wt% phosphoric acid at
6SoC for approximately 12 hours or until the oxide is completely removed.
99
As shown in the SEM image (Fig. 3-3a), the pores formed on the surface after the
first anodization are non-uniform in size and spacing. However the aluminum surface
after etching the oxide from first anodization shows a periodic pattern of concave dimples
arranged in a hexagonally close-packed structure (Fig. 3-3b). We also observed that
aluminum grain boundaries are favorable sites for pore formation. Fig. 3-4 shows
tendency for pores to form, as well as to order, along the aluminum grain boundaries.
However, as we mentioned earlier, pores with random pore spacing and size formed on
the rest of the aluminum surface after the 1st anodization. We show later in chapter 5 that
pore formation occurs to minimize the total energy of system. The reduction in grain
boundary energy by preferential formation of pores along the grain boundaries may be
the driving force for the observed phenomenon. We will present more experimental
evidence and further discussion in chapters 5 and 7 on the role of surface/interface
energy, grain boundary energy and the elastic strain energy on the pore formation
The aluminum with the textured pattern of concave dimples was next anodized
USIng the same conditions as the 1st anodization1• Pores form preferentially at the
concaves of the aluminum surface, thus leading to the formation of locally ordered pores
with straight sidewalls through the thickness of porous alumina. Figs.3-5a & b show
locally ordered porous alumina fabricated in oxalic and sulfuric acid with a pore spacing
of l05nm and 66nm (~2.5nm/V) and pore diameters of31nm and 24nm respectively. For
phosphoric acid anodized at 195V, the pore spacing (shown in Fig. 3-3b) is
approximately 500nm and the pore size is 160nm.
1 In chapter 8, we change the conditions during the second anodization and study the effect of such changes
on the pore size and spacing.
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Fig. 3-3 SEM images of a) porous alumina after 1st anodization; b) an aluminum
surface showing short-range order after removing the oxide from the 1st anodization
Fig. 3-4 Aluminum grain-boundary effects on the pore formation during 1st
anodization. The SEM image shows that pores preferentially align along the grain
boundary of aluminum
Fig. 3-5 SEM images of porous alumina formed in a) O.3M oxalic acid at 40V after
2nd anodization b) O.3M sulfuric acid at 25V after 2nd anodization
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3.1.4 Free standing porous alumina membranes with
controlled pore size
The porous alumina formed using two step anodization technique described in the
previous section can be separated from the underlying aluminum substrate by selective
chemical etching. Aluminum was etched in a solution containing 109 copper sulfate,
100ml hydrochloric acid and 100ml water. The backside of the porous alumina has closed
ends due to the presence of the barrier layer. An AFM image of the back side of the
membrane illustrates the presence of a scalloped barrier oxide (Figs. 3-6a, b & c). We
etched this barrier layer in phosphoric acid solution at 30°C to obtain porous alumina
with both ends open. The etch time depends on the thickness of the barrier layer and
hence the conditions used for anodization, e.g., the voltage and pH. The etch rate was
found to be between 75-100nm/hour.
An important property of porous alumina is the presence of double layer of oxide
(inner and outer layer). As the outer layer oxide is amorphous and can be easily etched
chemically, e.g. in phosphoric acid, pore diameters can be increased and hence porosity
can be increased after anodization. The inner oxide layer being crystalline, is more
resistant to etching, and thus prevents collapsing of porous alumina structures, even at
very high porosity. After opening the pores from the backside, chemical etching was
continued in 5wt% H3P04 to obtain pore-widening. Figs 3-7a & b show the backside of
the anodic porous alumina formed at 195V in phosphoric acid after short and long etch
times. Porous alumina anodized in oxalic acid solution at 40V after short and long post-
chemical etching is shown in Figs. 3-7c & d.
We have used the porous alumina fabricated using double-anodization technique
for a number of applications, including formation of metallic nanowires and nanodots.
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Fig. 3-6 (a) AFM image of the barrier oxide on
the backside of alumina (top left). (b) The plot
(top right) shows the periodic humps and
valleys on the backside of alumina. (c) A 3-D
rendition is also shown in the figure on the
bottom left comer.
Fig. 3-7 SEM images of double anodized-porous alumina after pore widening in 5%
H3P04 at 30°C. (a) & (b) Anodized in O.3M oxalic acid at 40V, pore widening for
20min and 40min respectively. (c) & (d) Anodized in O.1M oxalic acid at 195V,
pore widening for 32min and 80min respectively.
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More on the details of applications using locally ordered porous alumina will be
presented in chapters 10 and 11. We have also modified the two-step anodization
technique to introduce changes in electrochemical conditions in the second anodization,
to study their effect on the pore size, spacing, and ordering. Details and discussion of this
approach will be presented in chapter 8.
3.2 Interference lithography
The existing techniques for fabrication of long-range ordered porous alumina such as
nanoimprint lithography or conventional lithographic patterning, suffer from a major
limitation of stamp or exposure area which then limits the template area. In this thesis, we
have demonstrated the use of interference lithography to create ordered pores of alumina
over wafer-scale areas. The advantages of interference lithography include patterning
over large areas, short exposure time, low cost and flexibility for use with a wide variety
of substrates such as silicon, glass and flexible polymer substrates. With the recent
advances in interference lithography techniques such as achromatic interference
lithography [SCHA2, 99] and scanning beam interference lithography [KONK, 03], our
approach to produce ordered porous alumina can be integrated into semiconductor
processes utilizing 300mm wafers (Fig. 3-8).
Interference lithography involves the formation of a time-independent spatial
variation of intensity created by the interference of two or more coherent beams of light
[ULLA, 05], [WALS, 00]. These periodic variations of intensity can then be recorded in a
photoresist which is a light-sensitive medium, to yield periodic structures in the
photoresist. For example, through interference of two beams, we can obtain a grating
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Fig. 3-8 Nanoruler : Interference lithography demonstrated on a 300mn wafer by
Scattenberg's research group from MIT space nanostructures laboratory (SNL).
Picture taken from SNL website (http://snl.mit.edu).
- Coherent light interferes with
itself to form standing wave
-1 exposure gives grating
-2 exposures at an angle give







Fig. 3-9 Principle of interference lithography and a schematic of the Lloyds mirror
setup (pictures by Walsh, [WALS, 00)).
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pattern in the photoresist. This principle is shown in Fig. 3-9. The period of the standing
wave is dependent on the wavelength of the light and the half angle between the two
beams, as shown in the figure by Walsh [WALS, 00]. While the intersection of two
beams produces a grating pattern, intersection of 3 beams produce a 2-D pattern such as a
hexagonal close-packed or square structure [ULLA, 05]. However, due to the complexity
of the experimental setup for 3-beam lithography, we use the two beam interference
lithography technique in our work. Also, we used a Lloyd's mirror interferometer which
utilizes a broad beam of light and a mirror to reflect a part of the wavefront onto itself
(Fig. 3-9). The wavelength of the laser (1 watt argon ion laser) was 351.lnm, and hence
the minimum period that we were able to fabricate was -180nm. However, by using other
interferometers and laser with lower wavelength, one can fabricate structures with sub-
100nm spacing [WALS, 00].
The standing waves are formed both in the plane of the substrate and
perpendicular to the substrate due to the back reflection at the photoresist-substrate
interface. The back reflection causes a loss of line-width control (waviness in the sidewall
profile) as well as makes the photoresist mechanically less robust [WALS, 00]. To
minimize the effect of the vertical standing wave, we use an antireflective coating
underneath the photoresist and the thickness of the ARC is determined by the optical
indexes and thickness of all layers in the resist stack. We used a simulation program
developed by Walsh [WALS, 00] to determine the conditions for minimal back reflection
at the bottom interface of the photoresist. The ARC and photoresist materials used; the
exposure time, bake time and development time for the photoresist; and the pattern
transfer recipes used are provided in appendix E.
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Fig. 3-10 SEM image ofa 2um I-D photoresist grating fabricated using
interference lithography (with a single exposure).
Fig. 3-11 SEM images of 200nm (a) square and (b) hexagonal array fabricated
using interference lithography. Two exposures at angles a) 90° and b) 60°




































Fig. 3-12 SEM of a periodically modulated grating structure made using
interference lithography. Double exposures at 90° relative to each other were
used. In the first exposure, we used a half-angle corresponding to a 2-um period
and in the second exposure, we used a half-angle corresponding to a 200nm
period. (SEM imaging by Jihun Oh, MIT)
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A single exposure was used to create a grating pattern in the photoresist (Fig. 3-
10). Two exposures at 60° with respect to each other resulted in a periodic hexagonal
pattern, while exposures at 90° relative to each other resulted in a square pattern (Fig. 3-
11 a & b).In addition to grating, square and hexagonal patterns, we fabricated grating
structures with modulated sidewalls by changing the period during the 2nd lithography
exposure while maintaining the dose (Fig. 3-12). All of these patterns can in principle, be
easily transferred to the underlying substrate using conventional semiconductor etching
processes.
3.3 Evaluation of potential time transients
Current and potential time transients can be used to study the kinetics of the anodic
oxidation process. During anodization of aluminum under galvanostatic conditions, we
recorded the changes in potential with time using a computer-controlled data acquisition
system with a labview interface. The experimental results will be discussed in Chapter 4.
Here, we describe the technique based on the work by Shimizu et al [SHIM, 91] that we
used to calculate the current efficiency of the oxidation process from the current-time
transients.
At a fixed current, the cell voltage 'V' initially increased linearly with time't'.
This linear increase in voltage is due to a linear increase in thickness 'h' of the oxide
layer. Below, we derive an expression that relates the current efficiency to the voltage
rise rate.





From faraday's law of electrolysis, the rate of change of the oxide thickness is










where 1'v! Al 0 is the molecular weight of alumina, iox is the current density for2 3
oxidation, PAlO is the density of alumina, z is the valence, F is the faraday's constant;
2 3
itot is the total current density, and 17 = iox / itot is the current efficiency for aluminum
oxidation. Note that the electronic current in anodic oxidation of aluminum is negligible
due to the high electronic resistance of the oxide. Almost all of the current is consumed
by the oxidation of aluminum to form anodic alumina or the dissolution of aluminum
directly into the aqueous solution.
Combining equations (3.3.1) and (3.3.2), the rate of increase in voltage is given
by
(3.3.3)
If all of the supplied current is used for the oxidation of aluminum as in the case of
barrier oxide growth, then 17 = 1 and substituting the numeric values and assuming




The total current is given in units of A/cm2 and the voltage increase is given in
units of V/sec. For porous aluminum oxide, the current efficiency is less than 1 due to
simultaneous dissolution processes. In that case, the rate ofvoltage increase is given by
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dV = 550 1] itot ,dt
(3.3.5)
Thus, we can obtain the current efficiency for oxidation and dissolution processes if the
electric field and the voltage ramp rate are known for a given current density. Using this
technique, we have studied the effect of the current density and pH on the voltage ramp
rate and the current efficiency for oxidation and the results are reported in the chapter 4.
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Chapter 4
Kinetics of the Initial Stages of
Anodic Oxidation of Aluminum
In this chapter, the kinetics of the initial stages of anodic oxidation of aluminum is
investigated by galvanostatic studies along with microstructural studies. Anodic oxidation
of aluminum has been studied by both galvanostatic and potentiostatic studies by many
groups [SHIM, 92], [YOUN, 61], [DIGG, 69], [SHAW, 98], [REHI, 02] in the past.
While it is generally believed that the fonnation of pores in slightly acidic electrolytes is
a result of partial dissolution of the oxide (or direct ejection of aluminum into solution),
no correlation between pore fonnation and the kinetics of oxidation and dissolution
processes have yet been experimentally shown.
In chapter 3, we discussed the use of potential-time transients to quantify the
fraction of current used for oxidation from the rate of voltage rise. Shimizu et al [SHIM,
92] used this approach to show that below a current efficiency of -55%, the PBR values
become less than 1. They proposed that under these conditions, cracks in the oxide may
fonn due to the tensile stress generated in the oxide, which then result in the fonnation of
pores. However, they did not experimentally show a large tensile stress in the oxide that
exceeds the fracture toughness of alumina to fonn cracks by their proposed mechanism
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based on PBR. Also, their model cannot explain the formation of pores with a
characteristic spacing dependent on the applied voltage.
Here, we study experimentally the dependence of the voltage rise on the applied
current density and pH for various electrolytes. We also analyze the experimental
voltage-time transients to calculate the dependence of the current efficiency for oxidation
as a function of current density and pH. We will then focus our attention on the pore
formation regime and the role of active species, in particular, the anionic and cationic
vacancies in the oxide as well as the vacancies in the metal. We will also identify
conditions of current density and pH both from potential-time transient analysis and SEM
images at which the oxide thickens without a transition to porous structure.
4.1 Experimental details
Aluminum films of ~1900 (±50 A) thickness were deposited on (lOO)-oriented silicon
wafers coated with 500nm-thick thermally grown Si02 layers. The oxidized silicon
wafers were first cleaned using piranha (3: 1 H2S04:H20 2) solution, prior to the electron-
beam evaporation of aluminum. The aluminum coated samples were cleaved into approx.
2.5 x 2.5 cm2 pieces and mounted on the custom-fabricated teflon cell as described in the
previous chapter. The active area for anodization was 2.27cm2. Anodization was
performed in three different electrolytes with varying concentrations : sulfuric acid
(O.3M, 0.03M, 0.003M); oxalic acid (0.15M, 0.015M, 0.0015M); and phosphoric acid
(5wt%). The applied current density was varied between 0.1mA/cm2 and 5mA/cm2 and
the changes in potential were monitored with time. All of the anodization experiments
were performed with continuous stirring of the electrolyte which was maintained at a
temperature of 2o±1 C. The potential changes were monitored using a Keithley 2400
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source-measure unit and the experimental data was recorded using a GPIB-enabled
computer. We did not perform transient studies of anodic oxidation process using bulk
aluminUln foils prepared by techniques described in Chapter 3. As our main interest is in
the study of the initial stages of pore formation, the silicon wafer substrates provided
sufficient samples to perform meaningful analysis of the potential-time transients.
Anodization was carried out until complete oxidation of the aluminum film
indicated by a sharp increase in the measured potential. In some cases, the anodization
was stopped prior to complete oxidation due to dielectric breakdown of the oxide at high
potentials. This breakdown potential was found to increase with increasing pH at a given
current density and resulted in incomplete oxidation of aluminum film. However, the
potential-time data was still included in our analysis as the breakdown occurred only at
the late stages of oxidation. After anodization, the samples were imaged and
characterized using scanning electron microscopy.
4.2 Results and discussion
The recorded potential-time transients for sulfuric, oxalic and phosphoric acid are
shown in Figs. 4-1 - 4-3 as a function of applied current density and the concentration of
the electrolyte. We have rescaled the time axis by multiplying the instantaneous time by
the current density for better graphical representation. However, the potential-time and
potential-charge transients are equivalent at constant current density. A typical potential-
charge transient corresponds to that observed at lmA/cm2 in O.3M Sulfuric acid (Fig. 4-
la). As described in Chapter 2, at a fixed current density and pH, we observed three
regimes 1) a linearly increasing potential with time due to a linearly increasing oxide
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Fig. 4-1 Potential-charge transients for anodic oxidation of aluminum in sulfuric
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Fig. 4-2 Potential-charge transients for anodic oxidation of aluminum in oxalic
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formation until a maximum value of potential is reached 3) a slow decrease to a steady
constant potential until the entire aluminum film is consumed by the oxidation and
dissolution process. Thompson [THOM, 83, 97] and others [SHIM, 92], [SULL, 70] have
reported the aluminum oxide in regime 1 to be continuous and similar to barrier-type
films. However after a critical period of barrier-type film growth, pores begin to form in
the oxide in regime 2. The pore formation process is near-complete when the potential
reaches its maximum value. The decrease in potential observed in regime 3 has been
attributed by O'Sullivan and Wood [SULL, 70] to a decreasing barrier layer thickness
and an increasing active surface area for anodization related to porous film formation.
From the plots, we note that all the three regimes are seen only in the case of
O.3M sulfuric acid & 0.15M oxalic acid. The rapid increase in potential at approximately
550 mA-sec/cm2 observed in all the cases is due to the consumption of the entire
aluminUln film by oxidation and dissolution processes. For most of the conditions of
current density and pH used in this study, the time scale for stage 2 and 3 are much
longer than the time for complete consumption of aluminum film and therefore limits our
analysis of potential-time transients. Nevertheless, regime 1 is observed in all the
experiments, regime 2 in most of the experiments and regime 3 in a few transients.
Therefore, the discussions below will be centered on phenomena that occur in regime 1
and 2.
From the total charge measured experimentally to anodize the entire aluminum
film thickness, we calculated the thickness of the aluminum film by faraday's law to be
1898A. This value matches well with the initial aluminum thickness measured from
cross-section SEM images. Therefore, we conclude that the only electrochemical
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reactions that occur are aluminum oxidation and dissolution and other side reactions such
as oxygen evolution are negligible in the ranges of applied potential and pH used in our
study.
4.2.1 Effect of current density and pH
Let us first consider the effect of current density and pH on the potential-time transients
and other phenomena occurring during anodic oxidation. From Figs. 4-1 - 4-3, it can be
observed that the slope of the potential-time (or potential charge) curve increases with
increasing current density. If we increase the total current density, it is clear that the
driving force for both oxidation and dissolution processes increases. Figs. 4-5(a)-(c) show
a stronger than linear dependence of the slope of potential-time transients on the total
current density. If we assume that the electric field is independent of current density, we
deduce that the oxidation current density increases at a faster rate than the dissolution
current density with increasing total current density. Therefore, the current efficiency of
the oxide formation increases with increasing current density. Assuming an electric field
of E = 1V/nm and using equation (3.5), the dependence of the current efficiency on the
total applied current density and pH is shown in Fig. 4-6. The oxidation kinetics has been
also previously reported to be more strongly dependent on the applied current density and
our findings are consistent with previously reported trends [SHAW, 98], [VALA, 83].
Figs. 4-5 (a)-(c) also show that the slope of potential-time curve increases with
increasing pH. Increasing the pH of the electrolyte decreases the rate of dissolution and
therefore decreases the dissolution current density. A decrease in dissolution current
density would imply an increase in current efficiency with increasing pH and hence
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Fig. 4-6 Dependence of the current efficiency for aluminum oxidation
process on the current density, pH and electrolyte.
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ig. 4-7 Dependence of electric field at the barrier layer of the aluminum
oxide on the current den ity pH and electrolyte.
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The assumption of constant electric field needs to be validated as a strong
dependence of the electric field on the applied current density or pH can affect the
calculated current efficiencies. Furthermore, Thamida and Chang [THAM, 02] predicted
a linear dependence of electric field on the pH and this dependence is vital for the validity
of their field induced instability model (see chapter 3). To calculate the electric field
across the barrier oxide in anodic alumina, we measured the thickness of the barrier layer
by cross-sectional SEM analysis. Figs. 4-8 - 4-10 show examples of cross-sectional SEM
images of porous alumina illustrating the dependence of morphology of the oxide on pH
and current density. From the barrier thickness values measured from SEM image
analysis and the voltage values measured just before the complete consumption of
aluminum, we calculated the electric field as a function of pH and voltage. From Fig. 4-7
it can be seen that the measured electric field for all of the cases is approximately 1Vfnm.
The electric field weakly depends on both the applied current density and pH. This may
be related to the variations in space charge in the oxide as well as the changes in water
and anion content with current density and pH. However the experimentally measured
deviations are within the limits of errors in thickness measurements and therefore, we
conclude that the changes in electric field if any, with current density and pH are small.
From scanning electron microscopy images, we also observed that the barrier
oxide thickness increases with increasing current density and pH. As explained earlier in
Chapter 2.7.1, the increase in total oxide thickness with current density is due to an
increase in current efficiency with current density. The increase in barrier oxide with pH
at fixed current density is quite dramatic as seen from Fig. 4-11. For example, the barrier
layer thickness of the porous oxide grown in oxalic acid at 0.3 mA/cm2 increases from
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Fig. 4-8 SEM images of porous alumina formed by oxidation in oxalic acid.
a) 0.3mA/cm2, c=O.lSM; b) O.SmA/cm2, c=O.lSM; c) 0.3mA/cm2, c=O.OlSM;
d) O.SmA/cm2, c=O.OlSM; e) O.3mA/cm2, c=O.OOlSM; f) O.SmA/cm2, c=O.OOlSM
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Fig. 4-9 SEM images of porous alumina formed by oxidation in sulfuric acid.
a) O.3mA/cm2, c=O.3M; b) O.5mA/cm2, c=O.3M; c) O.3mA/cm2, c=O.03M;
d) O.5mA/cm2, c=O.03M; e) 0.3mA/cm2, c=O.003M; f) O.5mAJcm2, c=O.003M
Fig. 4-10 SEM images of porous alumina formed by oxidation in
phosphoric acid a) O.3mAJcm2, c=5wt%; b) O.5mAJcm2, c=5wt%.
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ig. 4-11 Effect of current density, pH and electrolyte on the barrier layer
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18.5nm to 129nm when the concentration of oxalic acid is changed from 0.15M to
0.0015M (Figs. 4-8 (a) and (e)). While the increase in current efficiency with increasing
pH can explain this trend (increases from 0.26 to 0.46), we suggest that other phenomena
related to the transition of barrier to porous type oxide needs to be considered in addition
to the increase in current efficiency and will be addressed in the next section of this
chapter. The volume expansion factor, i.e. the ratio of the final total oxide thickness to
the initial aluminum thickness on both the current density and pH was found to be weak
with a maximum variation of only about 20% (Fig. 4-12). The porosity of the oxide also
changes with current density and pH and hence any conclusions considering only the
volume ~~xpansion factor can not be correct. As the pores are disordered and random, we
postpone our discussions until chapter 6, where we have studied the effect of pH and
voltage on the pore diameter, volume expansion factor and pore spacing for the case of
perfectly ordered porous alumina fabricated by lithography techniques.
The potential-time curves as well as the SEM images suggest that for values of
high current density and pH (for example, see Fig. 0.5mA/cm2; 0.0015M oxalic acid
case) the barrier type oxide that forms initially does not transition to a porous-type oxide
with time. The oxide thickens without any pore formation until the aluminum film is
completely anodized or until the breakdown potential is reached. The current efficiency
for oxidation is however still less than 1 and in fact reaches a constant value of 0.55. This
value is close to the transport number of oxygen under the diffusion limit previously
reported by Shimizu et al [SHIM, 92]. Thus, the oxidation reaction rate increases with
current density until the growth of oxide is under complete transport control.
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4.2.2 Transition from barrier to porous oxide
The oxide that is formed during the initial stages of anodic oxidation of aluminum is
barrier-type. However, after a critical time, transition to a porous-type oxide occurs with
a finite barrier oxide present at the bottom of the pores. The rate of potential increase also
slows down simultaneously due to the formation of the pores. We define a transition time
for the change in barrier to porous type oxide, as shown in Fig. 4-13a. The transition
time, t*max, is between the time corresponding to the maximum in voltage where
formation of pores is already completed and the time at which the rate of increase of
potential just begins to slow down due to the initiation of pores and is therefore a
reasonable measure of the time to transition. This time may also be considered as the
critical time for the ideal case of an abrupt change from barrier to porous type oxide.
From Fig. 4-13b, we find that the transition time decreases with increasing current
density and increases with increasing pH. To understand this trend, let us first consider
the various oxidation and dissolution processes that occur during anodic oxidation of
aluminum.
In chapter 3, we discussed the defect chemistry and reactions that occur during the
anodic oxidation of aluminum (refer to Fig. 2-3). The oxidation occurs primarily by
diffusion of oxygen vacancies from the aluminum-oxide interface to the oxide-solution
interface where oxygen vacancies are annihilated by the OH-or 0 2- ions from the
electrolyte. The dissolution process can occur both by diffusion of aluminum interstitials
from the aluminum-oxide to the oxide-solution interface as well as the diffusion of
aluminum vacancies from the oxide-solution to the aluminum-oxide interface. The total
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Fig. 4-13a (left) Potential-time transient showing the method of defining a
critical time for transition from barrier to porous type oxide.
Fig. 4-13b (right) Dependence of the critical transition time on the current




















CD SulfO.3M CD Ox 0.15M
mA/cm2 (l-T\)itot t·max mA/cm2 (1-T\) itott·max
mC/cm2 mC/cm2
0.5 54.09 1 116.79
1 54.24 2 118.25
1.5 56.93 3 116.23
2 50.7 4 110.53
3 49.09 5 113.76
:Fig. 4-14a & b Effect of current density and pH changes on the critical
dissolution current density and charge density.
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oxidation and dissolution current densities can be calculated as the current efficiency can
be deduced from the slope of voltage-time curves. Hence, we can calculate the critical
dissolution charge, the total charge (or the charge per unit area) used for the dissolution
process until the transition time and is given by (1-11) itot t*max, where 11 is the current
efficiency for oxidation process and itot is the total applied current density. As shown in
Fig. 4-14a, the critical dissolution current density for the cases of oxalic and sulfuric acid
solutions is inversely proportional to the transition time. This also implies that the critical
dissolution charge density is independent of the total current density as clearly seen from
Fig. 4-14b. This shows that the pore formation mechanism is strongly related to the
dissolution process. We also conclude that a simple field-induced dissolution mechanism
cannot explain the invariance of critical charge density with total current density. Below,
we propose a mechanism based on our observation of constant dissolution charge density
at a fixed pH.
The total dissolution charge density from t=O to any instant is directly related to
the total amount of species created that take part in the dissolution reaction. Therefore, a
constant critical charge density implies that the total number of either one or a sum of two
or more active species that are generated by the dissolution reactions reaches a critical
value which then causes the pore formation. As we mentioned earlier, both charged metal
interstitials and vacancies in the oxide take part in the dissolution reaction. We also point
out that uncharged aluminum vacancies in the metal can also be created due to the
dissolution reactions. We may then ask how and why a critical concentration of any
species would change the oxide from a barrier-type film to a porous type film. It is well-
known that incorporation and annihilation of vacancies and interstitials in any material
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can result in large stresses. The resulting stresses can either crack or buckle a film and in
some cases, the film can change its shape to minimize the strain energy if the energy cost
associated with the surface or the interface is small. Any of these phenomena will change
the morphology of the oxide and can lead to the formation of pores. Therefore, a clear
understanding of the stress evolution during oxide growth and its dependence on current
density and pH is necessary to predict the role of vacancies on the pore formation
process.
Another interesting observation from Fig. 4-14b is that the critical charge density,
though independent of total current density is strongly dependent on the pH of the
electrolyte. For O.3M sulfuric acid (pH=0.52), the critical charge density is 53 +/-3 milli-
coulombs/cm2, however, for O.15M oxalic acid (pH=1.3), the critical charge density is
calculated to be 115 +/-3 milli-coulombs/cm2, a factor of 2.17 increase. To explain this
change, let us consider the mechanisms by which vacancies and interstitials in the oxide
as well as in the metal are created. The vacancy and interstitial generation mechanism in
the oxide has already been explained by Moon and Pyun [MOON, 98b] (see chapter
2.8.3). We consider now the various mechanisms by which vacancies in the aluminum
metal are created. The oxidation reaction (reactions 1 in Fig. 2-3) involves creation of a
new alulninum site in the oxide and therefore does not create any excess vacancies in the
aluminuln beneath the oxide. Also, the dissolution reaction that involves exchange of a
vacancy site in the oxide by an aluminum atom in the metal does not result in the
generation of excess vacancies in the metal. This site-exchange reaction only converts a
monolayer of aluminum into a monolayer of oxide with vacancies in the oxide. The
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reaction involving interstitials however will create excess vacancies in the metal as no
new aluminum site in the oxide is created by this reaction.
Now, let us consider for a moment that the critical charge density corresponds to
the critical metal vacancy concentration. The dissolution reaction that occurs at the oxide-
solution interface involving aluminum vacancies in the oxide (reaction 6 in Fig.2-3)
strongly depends on pH. For a fixed current density, the current efficiency and hence the
dissolution current density does not vary strongly with pH (Fig. 4-6). Hence, for a fixed
current density, it is plausible that the dissolution of aluminum by vacancy mechanism
decreases and that by interstitial mechanism increases with decreasing pH. The number
of aluminum atoms dissolved can still remain constant while the fraction of aluminum
dissolved by interstitial mechanism increase with decreasing pH. Therefore, we propose
that for the sulfuric acid case with low pH, the fraction of dissolution charge density
related to interstitial formation is higher compared to the oxalic acid case with high pH.
This pH dependence can then explain the higher values of critical charge density for
a.15M oxalic acid required to create the same number of vacancies in the metal as in the
case of sulfuric acid. The ratio of the pH of oxalic acid to sulfuric acid is approximately
2.5 which is close to the ratio of critical charge density observed in oxalic acid to sulfuric
acid and supports our argument although the proposed model for the dependence of
critical charge density on pH needs further experimental investigation. Nevertheless, we
can also explain the strong dependence of the barrier layer thickness on the pH, as at
higher pH, less metal vacancies are created and therefore the transition time to porous
oxide is longer before the metal vacancy concentration reaches a critical value. As the
thickness of the oxide at the transition time is close to the barrier layer thickness, a
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corresponding thicker barrier type oxide is obtained for longer transition times and hence
explains the trend in the dependence of the barrier oxide on pH.
The biaxial stress due to vacancy generation or annihilation is given by the
relation avacancy =.!. Y~c(n - n
v
)' where ~c is the change in concentration of vacancies
3
from its equilibrium value, and nand n v are the atomic volume and vacancy volume,
respectively [Nix, 98]. The factor of 1/3 accounts for the dilatational effect of the
vacancy annihilation/generation. Thus, the stress generated in the aluminum is directly
proportional to the vacancy concentration. It still remains a question where the stress is
generated and its role on the pore formation and will be discussed in detail in Chapter 5.
4.3 Conclusions
In summary, we conclude that the dissolution processes that occur simultaneously
during anodic oxidation of aluminum affect the morphology of the oxide. We have shown
experimentally for the first time that the dissolution of aluminum is a necessary condition
for the formation of pores but not a sufficient condition as barrier-type films can form at
high pH and at high current densities. We also showed that when the total dissolution
charge density reaches a critical value, the morphology changes from a barrier type to a
porous type film. We propose that the stresses in either the oxide or the metal are
responsible for the pore formation due to the active species reaching a critical value. In
the next chapter, we present experimental evidence for the presence of stress as well as a
new model for the formation of porous alumina that not only predicts the transition from





Mechanistic Studies of the Initial
Stages of Pore Formation
5.1 Introduction
In Chapter 4 we proposed that the mechanism of pore formation is related to
vacancies generated either in the metal, or oxide or at the metal-oxide interface. We
showed the existence of a critical charge density related to dissolution at the time of
transition from barrier-type film to a porous type film. This critical dissolution charge
density is related to the total number of vacancies or other species created by the
dissolution process and is independent of the applied current density. This leads us to the
question of the role ofvacancies on pore formation.
It is well-known that vacancies occupy a volume smaller than that of the atom and
thus produce a tensile stress in the material. During anodic oxidation and dissolution,
significant numbers of vacancies can be generated as the fraction of the aluminum
dissolved is greater than 40% of the total aluminum reacted. Furthermore, anodic
oxidation occurs at or below room temperature and hence a build-up of vacancies
produced by the anodization process may be expected. In the growing oxide, it has been
shown by Bradhurst and Leach [BRAD, 66] that stresses can be relaxed through
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deformation of the oxide by a creep mechanism that operates even at low temperatures
due to field-enhanced diffusion. However, in the metal layer beneath the oxide, any
vacancies generated can lead to large stresses as diffusion of vacancies in the metal is
slow at or near room temperature.
Stress measurements during anodic oxidation of aluminum have been reported in
the past by Bradhurst and Leach [BRAD, 66], Nelson and Oriani [NELS, 93], Benjamin
and Khalid [BENJ, 99], Moon and Pyun [MOON, 98], and Kim et al [KIM, 95]. Most of
the previous reports indicate a compressive stress at low current densities and a tensile
stress at high current densities. Nelson and Oriani [NELS, 93] as well as Moon and Pyun
[MOON, 98] explained this observation due to vacancy annihilation and generation
processes in the oxide. It is important to note that all previous stress measurements
reported in the literature were performed in situ during anodic oxidation of aluminum in
neutral and acidic electrolytes and the results are difficult to interpret due to
electrostriction stresses as well as other stresses related to anion adsorption at the oxide-
solution interface. Furthermore, stress measurements reported previously were performed
at room temperature and any local joule heating can lead to thermal mismatch stresses in
addition to growth related stresses. In most cases, only deflection values are reported due
to lack of calibration of their instrumental techniques. To our knowledge, no ex situ
measurements of the time evolution of stress during anodic oxidation of aluminum as a
function of current density and pH have been reported for porous alumina with actual
stress-thickness values. Furthermore, it is not yet been shown if the stress generated due
to anodic oxidation is present in the oxide or in the aluminum beneath the oxide.
In this chapter we study stress generation during the anodic oxidation of
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aluminum by ex situ curvature measurements. We present a model based on a strain-
induced instability analogous to models previously developed for other processes leading
to high strain energies. We show that this energetically-driven instability model based on
Asaro and Tiller's analysis [ASAR, 72] of stress-corrosion cracking predicts the
dependence of the experimentally observed instability wavelength (i.e. pore spacing) on
the measured strain energy and thus reveals the physical origin of pore formation during
oxidation of aluminum. We also discuss the role of electrochemical parameters such as
the concentration of the electrolyte and the electric potential/current density on the
instabili1y process and propose a mechanism for self-assembly based on the balance
between factors that stabilize and destabilize the metal-oxide interface.
5.2 Stress measurements - Experimental methods
Oxidized silicon and cover glass substrates were first cleaned using a piranha
solution as described in Chapter 3. Thin films (3000-4000A) of aluminum were e-beam
evaporated and used as substrates for stress measurements.
Stresses in thin films are commonly evaluated by the well-known wafer-curvature
technique where the curvature of the substrate is related to the stress in the film by the
relation developed by Stoney [STON, 09] given below
(5-1)
where the Es, hs, vs are the modulus, thickness and poisson ratio of the substrate; Ri and
Rf are the radii of curvature of the substrate with and without the film. This equation is
derived by considering the moments applied by the film on the substrate. The film with
thickness hf is under a biaxial stress (J" and the equation is valid for film thicknesses much
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smaller than that of the substrate.
It is important to note that the Stoney's formula yields a volume-averaged stress
from the experimentally measured curvature and thus local stress-variations cannot be
evaluated using equation (5-1).
We measured the post-anodization curvature ex situ, uSIng a laser scanning
technique uSIng a commercially available apparatus (Tencor FLX-2320). We also
performed a few in situ measurements using a beam deflection stress monitor [FRIE, 04].
However, insitu stress measurements are complicated by the electrostriction stresses (see
chapter 2) as well as calibration requirements for converting deflection values to stress
values. In situ measurements could also not be performed below room temperature due to
trapped gases that create bubbles on the surface of the cantilever. Hence, we limit most of
our discussions to exsitu stress measurements. Ex situ measurements only provide a
measure of the stresses incorporated in the aluminum and the aluminum oxide films.
In situ stress measurements were performed in collaboration with Prof. Cody
Friesen at the Arizona State University, USA.
Aluminum films were anodized in 0.15M and 0.3M oxalic and sulfuric acids in
separate experiments and the curvature (stress-thickness product) was measured as a
function of current density and electrolyte concentration. As shown in the next section,
the measured stress-thickness reached a steady value after the formation of pores for most
of the cases. Therefore, measurements of the stress-thickness were performed at the same
total supplied charge density as a function of applied current densities and electrolyte
conditions. Anodization was stopped when the total charge density reached 0.6
coulombs/cm2. The oxide layer was removed from some of the samples by chemical
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etching in a phosphoric-chromic acid mixture and the curvature was measured again to
calculate the fraction of stress present in the oxide.
5.3 Results and Discussion
Fig. 5-1 show in situ deflection measurements with time for anodization in 0.3M
oxalic acid at constant current density. Fig. 5-2 and 5-3 show stress-thickness
(equivalently, curvature) and potential changes for fixed current density in 0.15 M oxalic
acid and 5wt% phosphoric acid!, measured ex situ after anodization. For each data point,
a new sample was used and the anodization was stopped at different times to measure the
stress-thickness. In all cases, at long times, the stress-thickness values are nearly constant
and tensile. First, we discuss the observations from the insitu measurements.
At fixed current density (Fig. 5-1), the voltage as well as the oxide thickness
initially increases linearly with time. The e1ectrostriction stress, which is defined as the
deformation stress of a dielectric at high electric fields, is directly proportional to the
square of the electric field and hence is a constant as the electric field does not vary with
time at fixed current density. However, stress-thickness (and hence the curvature)
increases linearly in the compressive direction with time due to a linear increase in oxide
thickness. The electrostriction stress dominates at short times and reaches a constant
value after porous oxide formation as the barrier-oxide thickness at the bottom of the
pores becomes invariant with time.
The stress-thickness values related to growth2 increases in the tensile direction
1 Phosphoric acid anodization was perfonned only in this case. In most cases using phosphoric acid, the
time to reach steady state is close to the time at which complete anodization of film occurred and hence the
voltage did. not reach a steady state value.
2 The tenn "Stresses related to growth" does not only refer to stresses in oxide produced due to the oxide
fonned, we use this tenn to include all stresses related to the anodization process. As we show later, most
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Fig. 5-1 Changes in stress-thickness and potential with time from insitu
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Fig. 5-2 Changes in stress-thickness and voltage with time, from ex situ
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Fig. 5-3 Changes in stress-thickness and voltage with time, from ex situ
measurements for anodization in 5 wt % phosphoric acid at 1mA/cm2
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with time and dominates the total stress-thickness at long times. After the pores are
formed, both the contributions reach constant values and hence the total stress-thickness
stays constant. Due to the difficulties in separating the effect of electrostrictive stress,
anion adsorption stress, thermal mismatch stress and stresses related to oxidation and
dissolution, in situ measurements were made only to confirm that the stress-thickness at
long times stays constant.
From the ex situ measurements, we found that the measured stress-thickness is
always tensile and increases until pore formation. When steady state porous oxide growth
conditions are reached, the stress-thickness also reaches a constant value. The oxide film
contains excess aluminum and oxygen vacancies that produce an internal field due to the
space charge layer in the oxide. Thus, the electrostriction effects are not completely
absent even in exsitu measurements. However, the built-in electric field is 3-4 orders
magnitude smaller than the electric field present during anodization and hence
electrostriction effects may be neglected in ex situ measurements.
From these studies, we conclude that exsitu stress measurements at long times can
be used to study the effect of electrochemical conditions on the steady state stress-
thickness product. Exsitu measurements do not require calibration and also allow us to
study the anodic oxidation process below room temperature to avoid joule heating
effects. We show later in this chapter that the steady state stress-thickness values can be
used to explain the role of stress on the formation of pores.
The results presented in the remainder of this chapter were obtained using ex situ
stress measurements. The temperature of the electrolyte was maintained at 2°C during
anodization. As mentioned earlier, for consistency, we fixed the total charge density to be
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equal to 0.6 coulombs/cm2 in all of the experiments. In most cases the steady state is
reached before the total applied charge density becomes equal to 0.6 coulombs/cm2.
Fig. 5-4 and 5-5 show the steady state stress-thickness as a function of current
density and concentration for anodization in oxalic and sulfuric acid solutions. From the
figures, we find that the steady state stress-thickness is tensile under a wide range of
electrochemical conditions and that the stress-thickness increases with increasing current
density.
To answer the question of whether the stress is present in the oxide or aluminum,
we measured the change in stress-thickness in few samples before and after selective
chemical etching of the oxide. The stress-thickness values decreased after the oxide etch
indicating that a fraction of the tensile stress was in the oxide. The difference in stress-
thickness was found in most cases to be 2-3 MPa-um, an order of magnitude smaller than
the total measured stress-thickness of the aluminum and oxide before chemical etching.
At very high current densities (>1.5mA/cm2), the oxide contributed to 40-50% of the total
stress-thickness. Nevertheless, under no conditions, did we find that the stress-thickness
values after removing the oxide were reduced by more than half of the initial value.
Before we study the effect of the tensile stress on the morphology of AAO, we
first evaluate the causes for tensile stress generation in the aluminum during anodic
oxidation.
The mechanism of tensile stress generation during anodic oxidation of aluminum
and titanium has been previously studied by Nelson and Oriani [NELS, 93] who
considered site balance equations for various species involved in the anodization process
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Fig. 5-4 Dependence of the steady state stress-thickness product on the applied
current density and concentration in oxalic acid. Anodization was performed




















0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Current density (mAlcm2)
Fig. 5-5 Dependence of the steady state stress-thickness product on the applied
current density and concentration in sulfuric acid. Anodization was performed
until the charge density reached 0.6 C/cm2
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movement of anions or by outward diffusion of metal. Nelson and Oriani [NELS, 93]
proposed that outward diffusion of metal leads to tensile stress and inward movement of
anions leads to tensile stress in the oxide. As our experimental results show that the
generated stress is mostly present in the aluminum, we conclude that the outward
diffusion of metal is the dominant mechanism for generation of stress. This also implies
that the metal vacancies are generated by the oxide dissolution process which is in
agreement with our conclusions from potential-time transient studies discussed in chapter
3. Our experimental results also clearly show that any stresses present in the oxide and
adjacent aluminum are tensile and hence we conclude that any mechanisms proposed for
pore formation must explain the formation and the role of tensile stress.
Nelson and Oriani [NELS, 03] also suggested that the stresses present may be
related to the volume expansion caused by a change from aluminum to porous aluminum
oxide. While the measured stress may be related to a volume expansion, we suggest from
our observations that the excess free space is transferred to the bulk of the metal by
outward diffusion of metal and thus a layer adjacent to the oxide in the metal is under
tensile stress.
We have identified the cause for stress generation during anodic oxidation of
aluminum. Now, we study the effects of the tensile stress on the morphology of the
aluminum-oxide interface.
5.4 Strain-induced instability: A new model for
pore formation
Any interface of an electrochemically growing or dissolving material can be
altered by atomic mass transport due to bulk and surface diffusion, migration and
143
surface/interface reaction kinetics. The free energy for an electrochemical reaction at an
interface is dependent on the potential difference at the interface, interfacial energy as
well as the mechanical stress. Hence, these factors can enhance or slow down mass
transport at the interface so as to minimize the total free energy. Under the influence of
these parameters, the interface/surface can remain flat and grow or dissolve with time; or
become unstable and develop characteristic morphologies (for e.g. dendrite growth
during electrodeposition [KRIS, 02]).
The transport and reaction kinetics that occur during anodic oxidation of
aluminum in the absence of stress is presented in appendix A. The effect of stress on the
kinetics of the electrochemical reactions that occur at the metal-oxide and oxide-
electrolyte interfaces is shown in appendix B. As we discussed in appendix B, two types
of instabilities can occur in systems involving deposition and dissolution processes in the
presence of stress. Thermodynamically-driven instability or commonly known as strain-
induced instability was first modeled by Asaro and Tiller [ASAR, 72] and is caused by
changes in free energy due to strain energy of a growing or dissolving solid. Kinetically-
driven instability, a phenomena first proposed by Aziz and coworkers [CART, 98],
[SAGE, 00], is caused by changes in activation energy for surface mobility in the
presence of stress. Here, we evaluate the presence of either instability during the anodic
oxidation of aluminum by comparing our experimental results to a generalized
perturbation theory derived by Liang and Suo [LIAN, 01] as well as Decuzi & Demelio
[DEeU, 03] combining both free energy and activation energy changes due to stress.
For the case of combined free energy and activation energy changes due to stress,
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Decuzzi and Demelio [DEeD, 03] derived a condition for stability that relates the critical
wavelength (It) of instability to the stress and the material properties.
-4 tanh [... FoD... .. ]... (1 + v)· V.. m(J . +1m (1 -v2)~ - m11J:5. 0
'1.kT· D 00< E ':lQ I > (5-2)
where m = 2Jr is the critical wavenumber. The first term is related to the strain activation
It
energy and is stabilizing (destabilizing) in the case of deposition under tensile
(compressive) stress. The 2nd term is present due to the effect of strain energy on the
thermodynamic free energy and is destabilizing for both tensile and compressive stress.
The 3rd term is related to surface energy contribution to the thermodynamic free energy
and is always stabilizing. Several other models have been proposed including volume
expansion effects, rigidity of the underlying substrate and a capping layer. In all of these
models, the most unstable wavelength is related to the stress by a power law as shown
below.
(5-3)
For Asaro-Tiller's model [ASAR, 72] the strain energy is proportional to the
square of the stress and the only stabilizing factor is curvature enhanced surface energy.
In this case, the exponent n is equal to -2. For kinetically-driven instability due to the
changes in mobility caused by the strain activation energy term, the exponent n is equal
to -1. When both the activation and free energy dependence on stress make the system
unstable to small perturbations, the power law dependence of Itjastest on the stress is
stronger than a inverse quadratic relation. On the other hand, at high current densities or
anodic potentials, lateral diffusion due to potential gradients can stabilize the interface
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and weaken the power law dependence of A/astest on stress.
Thus, analysis of the dependence of the critical wavelength on the stress can
provide insight into the dominant mechanism for instability. In the case of anodization,
electrochemical potential and pH can play an important role especially in the case of
diffusion controlled transport of vacancies and interstitials in the oxide. The generation
rate of vacancy and thus the source of stress is directly related to the rate of oxidation and
dissolution reactions.
5.5 Comparison of stress-driven instability models
with experimental results
We reported experimentally measured steady state stress-thickness as a function
of applied current density and electrolyte concentration during steady state pore growth
earlier in this chapter in section 5.3. It is conceivable that the stress reaches a steady state
due to the balance between the factors stabilizing and destabilizing the metal-oxide
interface. Hence, we propose that the measured steady state stress-thickness can provide
an insight into the phenomena that causes pore formation. In this section, we evaluate the
existence of any correlation between the measured stress and the pore spacing, i.e. the
fastest growing instability wavelength. To do so, the thickness of the stressed layer needs
to be known apriori to convert stress-thickness values to stress. However, identifying this
thickness is not trivial. Stresses present may be localized and probing the stress
distribution experimentally becomes a challenge. While it is reasonably clear from post-
etching experiments that a major fraction of the measured stress is present in the
aluminum layer beneath the oxide, the exact depth of the stressed layer in the aluminum
is unclear. Experimentally, it is known that the pore formation occurs only after the oxide
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reaches a critical thickness. The critical thickness is closely related to the thickness of
barrier-layer of the porous oxide. If we assume that the measured stress is disturbed over
a thickness on the order of barrier-layer thickness, then the stress is related to the
experimentally measured stress-thickness by




We showed in Chapter 4 that the barrier layer thickness is equal to -- Inm/V. Hence, we
have the average stress (in MPa) related to the steady state anodization voltage by
stress - thickness MPa - urn
Vmeas.l0-6 VurnlV
(5-5)
Figs. 5-6 and 5-7 show the calculated stress as a function of current density and
electrolyte concentration. The stress decreases with increasing current density (or
voltage) as well as increasing pH (or decreasing concentration).
Fig. 5-8 shows pore spacing as a function of stress on a log-log plot. The plot
shows an excellent linear fit and the calculated power law exponent values from the slope
of the plots are very close to 2 ranging from 1.72 to 2.16. These results strongly suggest
that pore formation during anodic oxidation of aluminum is an energetically-driven
instability process. The critical wavelength is chosen by a balance of the strain energy
generated due to the creation of vacancies driving the instability and the interface energy
that competes to keep the interface flat.
Assuming the formation of pores to be Asaro-tiller type instability, we calculate
the interface energy values from a plot of dpore vs 41£ E (E = 70GPa for AI) (Fig. 5-9).
30-2
The dependence is strongly linear for all of the experimental conditions studied.
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Fig. 5-6 Dependence of the stress on the applied current density and
concentration of oxalic acid.
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Fig. 5-7 Dependence of the stress on the applied current density and
concentration of sulfuric acid.
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-6.9
• oxa10.15M slope =-1.72
• oxa10.30M slope =-2.25
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Fig. 5-8 Log-log plot of the pore spacing vs. the stress. The slope of the curve
gives the value of the exponent of the power law and is shown in the figure.
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• oxal 0.15M slope = 0.0952 J/m2
• oxa10.30M slope =0.1528 J/m2
A sulf 0.15M slope = 0.2282 J/m2
* sulf 0.30M slope = 0.2478 J/m2
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Fig. 5-9 Plot showing the validity of Asaro-Tiller model. The slope of the
curve gives the interfacial energy and is shown in the figure.
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concentration of the electrolyte. While the range of values reported in this work are
slightly lower than previous reported values obtained from theoretical models and
simulations for solid-solid interface energy [ZHOU, 05], [ZHAN, 00] [ZHAN2, 04],
[HECT, 98] for pure alumina, the values reported in this work are for anion contaminated
alumina and hence can explain the differences in interface energy values. Also, it is
important to note that a simple model based on Asaro-Tiller instability analysis agrees
with the well-known experimental trends in the dependence of pore spacing on the
applied current density and pH.
Several modifications are needed to correctly predict the interface energy values
from stress measurements. The excellent fit in our experimental data to the power law
suggests that the thickness of the stressed layer scales with barrier-layer thickness.
However, experimental measurements of the aluminum layer under stress along with
theoretical modeling of the vacancy diffusion process is needed to calculate more
accurately the stresses present in the aluminum and aluminum-oxide interface. More
rigorous modeling is also required to directly relate the number of vacancies generated to
the electrochemical parameters, particularly the pH and the applied current density. The
pore size is not given by the instability model and the coupled electrochemical transport
and kinetic equations need be solved to obtain a relation between the pore size and other
parameters influencing the instability.
5.6 Other factors affecting formation and ordering
of pores in AAO
Though we did not perform a rigorous linear stability analysis including the effect of
electrochemical kinetic and transport processes that occur during anodic oxidation of
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aluminum (appendices A and B) to obtain a relation between the critical wavelength and
the anodization potential and concentration of electrochemical species, we present a
summary of factors that affect the instability phenomena and may lead to self-assembly
in Table 5-1.
From the factors listed in Table 5-1 and their effects on interfacial instability, it is
clear that several stabilizing and destabilizing factors play a role in determining the
morphology of the growing oxide. Other material properties such as diffusion coefficients
of vacancies as well as elastic modulus values can also be influenced by stress and can
affect the diffusion and migration processes. Nevertheless, for a perturbation with a very
small wavelength, surface energy dominates and hence, all perturbations of wavelengths
smaller than a critical value decay with time.
To explain the phenomena of self-assembly, we also have to consider other
stabilizing factors. Perturbations of large wavelengths can be stabilized by diffusion due
to lateral potential and concentration gradients at the aluminum-oxide interface. Such a
mechanism may be predominant at high anodic voltages or current densities and thus
explain previous experimental observations of self-assembly at high anodic voltages by
Ono et al [ONO, 04]. Any stresses present in the oxide related to volume expansion can
be a stabilizing factor as explained earlier. By analyzing the stress in the aluminum film
using Asaro-Tiller model, we have assumed that the rigidity of the oxide has been
neglected. This is an oversimplification and careful consideration of the stresses in the
oxide capping layer as well as rigidity of the oxide is suggested as both the factors
stabilize the aluminum-oxide interface. Electrostriction generates a compressive stress on







Diffusion and migration Stabilizing
Stress effects on interface Tensile stress Destabilizing for dissolution
mobility of Stabilizing for deposition
electrochemical species Compressive Stabilizing for dissolution
stress Destabilizin~ for deposition
Surface energy Stabilizing
Other factors - Modulus of oxide and Stabilizing
substrate
Table 5-1 Factors affecting the stability of metal-oxide interface during anodic
oxidation of aluminum
Fig. 5-10 Schematic of strain-induced instability phenomenon that occurs
during anodic oxidation of aluminum in slightly acidic electrolytes.
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of the instability process.
A balance between the stabilizing and destabilizing factors can lead to patterns
such as hexagons or stripes as shown earlier by Johnson et al for the case of
electropolishing and can thus explain self-assembly ofporous alumina.
5.4 Summary
We conclude that porous alumina forms due to a strain-induced instability
phenomena driven energetically by the balance between surface and elastic energy (Fig.
5-10). The measured stresses match the power law dependence on the critical
wavenumber as derived by Asaro and Tiller [ASAR, 72]. Increasing current density and
pH increases the current efficiency for oxidation and decreases the number of vacancies
generated and hence explains the measured decrease in stress. The barrier-layer thickness
is closely related to the thickness of the stressed layer and the pore spacing is given by
the instability wavelength. A balance between the stabilizing and destabilizing factors
presented in Table 5-1 can explain the self-assembly of pores at certain experimentally
observed values ofpotential and pH. The results presented here thus provide an answer to






range Ordered Porous Alumina
6.1 Introduction
In Chapter 4 and 5, we proposed a new mechanism for pore formation based on a strain-
induced instability due to generated vacancy accumulation during anodic oxidation of
aluminum. In this chapter, we investigate various methodologies by which pore
formation can be controlled during the initial stages to obtain porous alumina with long
range order. Porous alumina is a well-suited material for growth and support of a variety
of nanornaterials due to the small pore size and spacing, high aspect ratio, and robust
mechanical and thermal properties. However, large-area control of the location and
support of nanoscale materials and structures is required for their incorporation into
systems of devices, and for their integration with more conventional devices and
materials. While short-range pore ordering can be achieved during anodization, domains
with different repeat directions occur at longer ranges (domain sizes are typically 5um or
less). In chapter 3, we summarized various techniques reported in the literature to obtain
single-domain porous alumina. Masuda et al [MASU, 97] first showed that pre-patterning
of aluminum films using a nanoindentation imprint technique prior to anodization can
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lead to long range ordering of pores both in bulk aluminum anodization as well as in
anodization of thin films of aluminum on silicon. Other methods of patterning the
aluminum surface that have been reported include electron and ion-beam lithography
[LI2, 00], [LIU1, 01], [LIU2, 03], scanning probe lithography [SHIN, 03], [MASU, 02]
and imprint lithography using commercial diffraction gratings [MIKU, 01] as well as
colloidal nanoparticles [FOUR, 04]. All of these techniques suffer from a main limitation
of a patterning area limited to the cm2 range due to the serial nature of the patterning
process (e-beam, ion-beam, scanning probe lithography) or due to the non-uniformity
involved in the pattern transfer process (imprint lithography).
In this chapter, we demonstrate the templated self-assembly of porous alumina
using interference lithography, a technique that is well suited for patterning defect-free
submicron periodic features over large areas, even up to 300mm diameter Si wafers. We
show that anodization of aluminum films deposited on substrates with lithographically
defined periodic topography can lead to templated self-assembly of alumina pores that
are perfectly ordered over large areas. We have also used the interference lithography
technique to directly pattern the aluminum to obtain porous alumina ordered over large
areas as well as with high aspect ratio pores. We further demonstrate that the topographic
templating of long range order in porous alumina allows control of the pore spacing and
order symmetry in ranges not achievable without templating and even allows independent
control of the pore diameter. By independently controlling the pore diameter, we
demonstrate fabrication ofnovel 3-D nanostructures such as nanofunnels.
The experiments involving templated self-assembly of porous alumina by
patterning the underlying substrate was performed in collaboration with Prof. Caroline
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Ross and Prof. Henry Smith at the Massachusetts Institute of Technology, USA and Dr.
Komelius Nielsch at the Max Planck Institute ofMicrostructure Physics, Germany.
First, we begin by presenting the mechanism of templated self-assembly of porous
alumina based on the strain-induced morphological instability model for pore formation
presented in chapter 5.
6.2 Templated Self-Assembly of Porous alumina:
Phenomenology
In the previous chapter, we discussed the initial stages of the growth of aluminum oxide
and the formation of porous alumina. We argued that the formation of pores can be
explained by a strain-induced instability mechanism and that the strain energy and the
surface energy present in the aluminum and growing oxide are key factors in determining
the period of the fastest growing wavelength and hence the pore spacing. The
electrochemical conditions such as voltage and pH affect the dissolution process and
therefore change the current efficiency for dissolution and the number of vacancies
generated by the dissolution process. Thus, the pore spacing is controlled by the number
of vacancies generated which in turn is controlled by the voltage, pH, temperature and
electrolyte. However, strain energy and surface/interface energies are also affected by the
defects present in the aluminum such as dislocations and grain boundaries. Furthermore,
spatial variations in surface and interface energies are present in aluminum due to crystal
anisotropy as well as due to dislocations and grain boundaries. These variations, present
randomly in aluminum foils or a thin film of aluminum on a substrate, lead to initiation of
pores at random positions. Thus, if a flat aluminum substrate is oxidized
electrochemically in slightly acidic solutions, pores form randomly, however the system
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evolves over time to the pore spacing corresponding to the fast growing wavelength.
Now, consider the case of anodic oxidation of aluminum with a periodic
fluctuation in the topography of the aluminum surface created using lithography methods.
Hancock and Hurst [HANC, 74], and Stott [STOT, 87] have considered thermal oxide
growth on a wavy substrate and concluded that at a convex surface, when oxide
formation occurs by inward diffusion of oxygen, the new oxide that forms at the oxide-
metal interface pushes the oxide-gas interface further out resulting in tensile stresses in
the outer regions of the oxide. Similarly, any periodic fluctuation in the metal surface
produces alternating regions of residual tension and compression normal to the interface
during the initial stages of anodic oxidation of aluminum and thus creates a periodic
variation in the strain energy. This variation in strain energy due to topography dominates
over other variations due to grain boundaries and crystal texture for strong modulations
caused by lithography. If the period of a fluctuation matches with the fastest growing
wavelength at a given voltage and pH, pores initiate preferentially at the valleys forming
ordered porous alumina. Thus, formation of pores can be controlled by templating,
thereby leading to "templated self-assembly" ofporous alumina.
6.3 Experimental Details
An overview of the interference lithography technique was presented in Chapter 3. Here,
we describe the two experimental methods investigated for the fabrication of ordered
porous alumina using interference lithography} .
In the first case, the underlying silicon substrate was patterned with a periodic
I A similar technique was independently discovered and reported by Sun and Kim in 2002 [SUN, 02].
However, they did not study the effect of electrochemical conditions on the pore diameter and their
technique was also limited by the photoresist present beneath the porous alumina.
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topographic modulation. (l00) - oriented silicon wafers with 30nm-thick silicon nitride
films grown by low pressure chemical vapor deposition were coated with a photoresist
(Ohka-PS4) and anti-reflection coating (ARC) material (XHRi-11). The photoresist/ARC
stack was patterned using interference lithography using a double-exposure technique
(refer to chapter 3) to produce periodic arrays of holes in the photoresist, with hexagonal
or square symmetry. Holes with spacings of 180nm and 200nm were fabricated by
changing the angle between the interfering laser beams. The patterned resist was used as
a hard rnask during reactive ion etching of the silicon nitride to produce corresponding
hole arrays in the nitride. After stripping of the resist, the nitride layer was used to mask
anisotropic etching of the Si in KOH (20 wt%, 5min), resulting in periodic arrays of etch
pits with the shapes of inverted pyramids. The nitride layer was finally removed using
HF acid solution. The resulting silicon surface was patterned with square or hexagonal
arrays of pits bound by (111) planes. The recipes for the above mentioned etching and
patterning processes are provided in appendix E. Conformal deposition of aluminum
(.....200-400nm thick) using electron beam evaporation led to films with periodic
topography with the period determined by the period of the underlying pattern.
Alternatively, aluminum films (200nm - 1urn) were first e-beam evaporated
directly on oxidized silicon substrates. The substrates were cleaned using piranha solution
(H2S04:H202 = 3: 1) to remove organic impurities and to promote film adhesion before
aluminum deposition. The aluminum films were coated with an anti-reflection coating
(ARC) material (XHRi-11) followed by spin-coating of the photoresist (Ohka-PS4).
Periodic (square and hexagonal) patterns were created in the photoresist and then
transferred to the ARC layer in a way similar to the first case described. The pattern was
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transferred to the aluminum films using a 30sec wet chemical etch with a commercial
aluminum etchant (Transene-A) resulting in periodic pits with depths of --20-30nm in the
aluminum.
The first approach is limited by the thickness of aluminum film for which reliable
transfer of the periodic topography in the underlying silicon occurred. This thickness of
aluminum film (-- 600-800nm) was found to be approximately 8-10 times the depth of the
silicon pit (80nm) and hence limits the aspect ratio of porous alumina fabricated using
this technique. The second approach of direct patterning of aluminum using interference
lithography however does not limit the aspect ratio and may even be used to fabricate
long-range ordered porous alumina using aluminum foils.
The aluminum films fabricated by the two approaches were anodized in
phosphoric and oxalic acid solutions at various applied potentials, electrolytes, and pH.
The anodized area varied from one experiment to another and hence, anodization was
performed at constant potential. In the case of constant current density, any error in the
measured sample area resulted in changes in steady state voltage and thus lacked
repeatability. Also, the pore spacing is directly proportional to the applied voltage and
hence optimum conditions for ordered porous alumina with spacing similar to the
lithographic pre-pattern was easier to achieve at fixed potential. Li et al [LI2, 98] reported
an interpore distance of 2.5nm/V for anodic alumina. The voltage was varied both above
and below this value for the 180nm and 200nm pre-pattern periods to determine if the
templating allows ordering over a broader range of voltages. The concentration of the
electrolyte was also varied to study the effect of pH on the pore diameter and spacing.
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Platinum was used as the cathode and the electrochemical solution was maintained at 5°C
during anodization. To prevent oxidation of silicon at the exposed edges of the wafer
during anodization, all samples were coated with enamel on the edges.
Samples were imaged and characterized using scanning electron microscopy
(lEOL 6320FV) at various stages of fabrication.
6.4 Results and discussion
6.4.1 Templated Self-assembly by patterning the underlying
substrate
Figs. 6-1 a & b show periodic inverted pyramid structures in silicon with square and
hexagonal symmetry. Fig. 6-2 shows reliable transfer of the pattern from the corrugated
silicon surface to the surface of an evaporated aluminum film. Highly ordered pores
preferentially formed above the vertices of the inverted pYramids when the aluminum
films were anodized under optimum conditions of voltage and pH (Fig. 6-2). By studying
the pore ordering with various applied voltages, the optimum voltage for ordering was
found to be 86V and 82V in 5% phosphoric acid for the 200nm and 180nm periods
respectively. SEM images (Fig. 6-3) were analyzed using ImageJ (NIH image processing
software) and variations in the pore size were found to be within 4-5% (ratio of the
standard deviation to the mean value times 100).
The templating process also widened the potential ranges for ordering at a fixed
period. For instance, in the case of templated porous alumina with 180nm hexagonal
ordering, the pores were ordered with negligible change in shape and pore size non-
uniformities for voltages between 74-84V (Fig. 6-4). Similar effects were observed for
pores ordered in a square lattice, however the window of potentials for ordering was
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Fig. 6-1 Inverted pyramid structures patterned in silicon using interference lithography
with pits ordered with a) hexagonal and b) square symmetry
Aluminum layer on Si substrate
with a modulated topography
Preferred, sites
for the pore f~ation
~ . ~
AI
Alumina pore structure after anodizaton
Fig. 6-2 Templated self-assembly of porous alumina by pre-patterning of the silicon
substrate using interference lithography. Pores form above the vertices of the inverted
pyramids.
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Fig. 6-3 Perfectly ordered porous alumina on Silicon formed by anodization in 5%
phosphoric acid. a) 200nm period, square symmetry (86V) b) 180nm period,
square symmetry (82V) c) 180nm period, hexagonal symmetry (82V). Pore





Fig. 6-4 Effect of applied voltage on the degree of ordering of pores - a) 74V
b) 76V c) 78V d) 80V e) 82V f)78V g) 80V. Pores are ordered over a range of
potential and no significant effect on the pore size and shape is observed.
Samples anodized in 5% phosphoric acid. The period is fixed at 180nm. Pore
diameter = 85 +/- 5nm
Fig. 6-5 Effect of high and low applied potential compared to the optimum
potential of 86V for 200nm period a) At 80V, extraneous pores and defects are
seen on the surface of anodized alumina. b) At 92V, pores do not form above all of
the vertices of inverted pyramids (missing pores). 5% phosphoric acid was used as
thp. p.lp.r.trolvtp. for :tnon17:ttl0n
Fig. 6-6 Perfectly ordered porous alumina on silicon formed by anodization in
0.15M oxalic acid. a) 200nm period, square symmetry (89V) b) 180nm period,
square symmetry (87V). Pore diameter = 35+/-5nm. Pores formed are smaller
than the case for 5% phosphoric acid shown in Fig. 6-2.
Fig. 6-7 Cross-section SEM images of ordered porous alumina with 200nm pore
spacing formed in a) 5wt% phosphoric acid. b) O.15M oxalic acid. The thickness of
porous alumina is higher in the case of oxalic acid.
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smaller (78-82V and 86-88V for 180 and 200nm period respectively). For potentials far
from the optimum values, defects such as missing pores above the vertices of inverted
pyramids at high voltages or extraneous pores between the vertices at low voltages were
observed as shown in Fig. 6-5.
We have also studied the effect of electrolyte on the pore diameter and volume
expansion factor. The optimum voltages for ordering in 0.15M oxalic acid for 200nm and
180 periods were found to be 89V and 86V respectively, slightly higher than for the case
of 5% phosphoric acid. However, the diameter of the pores was measured to be 35+/-
5nm; considerably smaller compared to 85+/-5nm for anodization in 5% phosphoric acid
(Fig. 6-6a & b).
We first explain the effect of templating on the voltage for ordering by
considering the instability process that leads to the formation of pores. In the case of any
growth or dissolution related instability, there is a range of wavelengths that are unstable,
however, the wavelength with the fastest growth rate dominates and thus a characteristic
length scale is chosen. For the case of flat aluminum films anodized under a fixed
potential and pH, we showed in Chapter 5 that the critical wavelength corresponding to
the fastest growing perturbation is set by the pH and applied potential or current density.
Now, consider the case of templated self-assembly where the period is imposed
by lithography or other techniques. Let Vfast be the voltage that leads to instability with a
fastest growing wavelength equal to the imposed period. If the applied potential is
slightly lower or higher than Vfast, then the expected wavelength should be lower or
higher (Dl and D2 in Fig. 6-8) respectively than the period imposed by lithography.
However, due to the strain energy variation created by aluminum surface modulation, the
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system chooses the pore spacIng equal to the imposed lithography period even for
voltages slightly above and below Vfast. Thus, growth of ordered pores with spacing equal
to the imposed lithography period occurs.
(j max
A D 2fastest Decreasingwavelength
Fig. 6-8 Effect of the wavelength of a perturbation on its growth rate. For templated self-
assembly, voltages that correspond to the fastest growing wavelength equal to D1 and D2
still lead to self-assembly with period fixed at the lithography period.
As we suggested in chapter 5, porous alumina forms a hexagonally closed packed
structure due to weak non-linear interactions between unstable modes as well as other
mechanisms that stabilize perturbations ofhigh and low wavelengths. Therefore, ordering
in a square lattice deviates further from the lowest energy case and explains the smaller
window of potential observed for the templated self-assembly. Asoh et al [ASOH, 01]
have shown that in such cases, the ordered pore growth is metastable and only occurs up
to a critical thickness of porous alumina and the imposed period is not maintained
thereafter. This limits the depth or aspect ratio to which ideal ordering can be maintained.
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The decrease in pore diameter with increasing concentration in oxalic acid
solutions can be explained by the following observations. In Chapter 3, we reported the
dependence of current efficiency on current density and pH. At a constant potential of
.....,86V, we found that the steady-state current density after pore formation increased an
order of magnitude from .....,0.5mA/cm2 in 5wt% phosphoric acid to """5mA/cm2 in 0.15M
oxalic acid and therefore, the current efficiency for oxide formation is also higher for
oxalic acid (Fig. 4-7; 0.55 vs. 0.45 for H3P04). These effects are confirmed by the fact
that the volume expansion factor measured from cross-sectional SEM images for 0.15M
oxalic acid is .....,1.7 as compared to .....,1.2 for anodization in phosphoric acid (Figs. 6-7a &
b). Hence, the total volume of anodic oxide increases due to the combined effect of an
increase in volume expansion and a decrease in porosity or pore diameter. The volume
expansion after correcting for porosity is given by (hAlumina/hAl)(l-porosity) = 0.98 for
5wt%phosphoric acid and 1.64 for 0.15M oxalic acid. The change in current efficiency
cannot alone explain the observed strong effect of the electrolyte on the volume
expansIon.
Another important factor to consider is the density of the oxide. The water
content in the oxide affects the density of the oxide and is strongly dependent on the
applied voltage, type of anion and the concentration of the electrolyte. Previous results
from Phillips [PHIL, 52] show water content exceeding 150/0 in the oxide sufficient to
produce 2Ah03.H20 for films formed in oxalic acid. However, in the case of phosphoric
acid, much lower water content has been reported and is commonly used for
coloring/corrosion protection for this reason. According to Thompson and Wood
[THOM, 83], anions affect the formation of colloidal materials and influence their rates
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of precipitation as the contaminated outer oxide. Packer [PACK, 58] showed that
phosphate anions stabilize the hydrous metal oxide sols and delay the precipitation of
impure hydrous alumina. This leads to much lower water content in AAO formed in
phosphoric acid compared to oxalic and sulfuric acid even at the same pH. Furthermore,
strong anion adsorption retards the hydration process. Trivalent anions such as
phosphates adsorb more strongly than compared to divalent anions such as oxalates and
sulfates. Phosphate anions have been previously used to retard sealing (by hydration) of
porous film formed in sulfuric acid [AMOR, 65].
The increase in water content in oxalic acid is expected to cause a decrease in
density of the oxide and therefore, can decrease the porosity and increase the volume
expansion factor. Density measurements are needed to confirm our proposed effect of
electrolyte on the porosity. We confirmed the presence of high water content in oxides
formed in oxalic acid indirectly by the following observation. When alumina samples
anodized in oxalic acid were imaged in scanning electron microscope, the electron beam
caused nluch more damage, possibly due to the interaction of electrons with the hydrated
alumina. Hence we conclude that pore diameter for the templated self-assembly of porous
alumina in oxalic acid is lower than that for phosphoric acid due to the increased
hydration of the oxide.
Fig. 6-9 summarizes the effect of templating and electrolyte on the pore ordering
and size. Without templating, the pores are completely disordered as short range ordering
of pores has only been observed in narrow ranges of pH and applied potential.
Furthermore, the kinetics of the natural self-assembly process is slow and hence in thin
films of aluminum, short range order cannot be achieved even for voltages that lead to
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self-ordering of pores in bulk aluminum foils. Using topographic templating, we have
produced porous alumina with pores ordered (single domain) over wafer-level areas even
for voltages that do not lead to short-range self-ordering of pores. In the porous alumina
templated using pre-patterned silicon; there is a one-to-one correspondence between
pores and inverted-pyramid topographic features. Pore spacings of 180nm and 200nm
have been obtained through changes in the lithographic process with corresponding
changes in the conditions for anodization. Pores ordered with square or hexagonal
symmetry have also been obtained, depending on the sYmmetry of the underlying
topographic pattern. Also, for a given topographically defined pore spacing, the diameter
of the pores can be adjusted through changes in the anodization conditions. We have
shown that while the period is determined by the period of the pattern in the underlying
substrate, the pore diameter can be independently controlled by changing electrolyte
during anodization.
Using the pre-patterned silicon substrate, we have been able to reliably transfer the
pattern topography to the top surfaces of aluminum films of thickness up to 0.5um, and
the resulting pore ordering is maintained through the entire thickness of porous alumina.
However, for larger thicknesses, a modified patterning is needed, such as the process to
be described below that allows for fabrication of ordered porous alumina with aspect
ratios greater than 100:1.
6.4.2 Templated Self-assembly by direct patterning of
aluminum
Aluminum films with top surfaces pre-patterned using interference lithography with
200nm period in both hexagonal and square symmetry were anodized in phosphoric acid
and oxalic acid solutions. Fig. 6-10 shows a sketch of the direct patterning process
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Fig. 6-9 Effect of templating on the ordering of porous alumina. Without templating, disordered pores form at all
voltages and pH as the aluminum film is thin. With templating, ordered porous alumina with controlled diameter and
~n;l~lnp' 1~ ;I~hleveo_
along with plane view SEM images. The non-uniformity in the shape of the etched
aluminum pit was due to roughness of the aluminum film as well as non-ideal conditions
for etching of ordered pits in aluminum. The anodization potential for ordering in 5%
phosphoric acid was experimentally found to be .....86V, similar to the condition for
optimum templated self-assembly process described in the previous section. As the
aluminum etch pit size and shape was non-uniform, variations in shape and size of the
pore was also observed on the surface after anodization (Fig. 6-11a). However, these
defects on the surface were easily removed by Ar ion-milling the porous alumina surface
for .....15min (Fig. 6-11b). Hence, we conclude that the template locks the pore spacing to
the period of the pre-pattern and the self-assembly process heals any defects on the
surface from lithography processes over time. This self-healing phenomenon is of
significant relevance to nanofabrication technologies using anodic porous alumina as the
templated-self assembly process is less sensitive to process variations.
Thus, by pre-patterning the aluminum film directly, we have fabricated ordered porous
alumina with pore diameters as small as 35nm and with aspect ratios higher than 50:1. As
the anodization conditions used here are far from those previously reported for bulk
aluminum anodization, the pore ordering and sYmmetry may be lost for films of thickness
.....20 urn and above, as shown by Asoh et al [ASOH, 01], which determines the upper
limit for the aspect ratio of porous alumina.
Changes in electrolyte were found to have a similar effect as in the case of
anodization of aluminum on pre-patterned silicon substrates (Fig. 6-12). The effects of
varying pH on the pore size, barrier oxide layer thickness for a fixed electrolyte are
discussed in the next section.
172
Aluminum layer with a modulated
topography on Si substrate
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Fig. 6-10 Templated self-assembly of porous alumina by direct patterning of the surfaces
of aluminum films on silicon substrates using interference lithography. Pores form where
the etch pits in the aluminum were present before anodization.
Fig. 6-11 Perfectly ordered porous alumina on silicon made by direct patterning
of aluminum films. a) Pore size and shape are non-uniform at the surface due to
non-uniformities in the size and shape of aluminum etch pits. b) defects and non-
uniformities on the surface were removed by ion-milling the porous alumina
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6.4.3 Effect of pH on the pore diameter and barrier oxide
thickness at fixed voltage and pore spacing
In previous sections, we showed a strong effect of the electrolyte on the pore diameter.
However, both the pH and the electrolyte affects the pore dimensions and hence we
studied their individual effect by changing pH while fixing the electrolyte (phosphoric or
oxalic acid). In this study, only aluminum films with surfaces pre-patterned with
hexagonal order were used as substrates.
Figs. 6-13 a, b & c show the effect of the concentration of phosphoric acid on the
barrier oxide thickness, pore diameter and the ratio of the thickness of porous alumina to
the initial thickness of aluminum. The barrier oxide thickness was found to decrease with
increasing concentration (or decreasing pH), though the effect was weak even for an
order of magnitude increase in concentration (Fig. 6-13a). Sullivan and Wood [SULL,
70] proposed that the barrier oxide thickness decreases due to an increase in field-assisted
dissolution with increasing concentration or decreasing pH. However, we suggest a
mechanism based on the parameters that affect the instability process.
In chapter 5, we showed that the barrier oxide thickness depends on the current
efficiency. As the strain energy due to vacancy formation decreases with an increase in
current efficiency, an increase in current efficiency for oxidation will increase the critical
oxide thickness at which the transformation from barrier to porous-type film occurs. This
critical oxide thickness is directly related to the barrier oxide thickness formed during
steady growth of porous oxide. For constant current density, the current efficiency
increases with increasing pH (Fig. 4-6) and thus explains the observed increase in barrier
thickness with increasing pH. However, in the case of constant voltage, the current
efficiency is not fixed as both the total current density and the electric field varies with
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Top-down ordered porous alumina (86V phosphoric acid): -90nm dia, AR >10:1
Top-down ordered porous alumina (86V oxalic acid): - 30nm dia, AR > 50:1
--
Fig. 6-12 Ordered alumina pores with high aspect ratio formed by anodizing



















































Fig. 6-13 Effect of concentration of the phosphoric acid on a) the barrier oxide
thickness b) the pore diameter and c) the volume expansion factor of porous
alumina with hexagonally ordered pores and with pore spacings of 200nm.
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time before pore formation. Nevertheless, the barrier layer thickness is closely related to
the critical thickness for oxide formation and hence we suggest a similar role ofgenerated
vacancies in determining the barrier oxide thickness.
The effect of concentration of phosphoric acid on the pore size was much weaker
and the measured variations in most cases were within the measurement errors (Fig. 6-
13b). Hence, we conclude that for phosphoric acid solution, the pH does not affect the
pore diameter. The ratio of the thickness of porous alumina to the initial aluminum
thickness also remained constant for most of the cases except for low concentrations of
phosphoric acid (Fig. 6-13c). However, accounting for the porosity, the total volume of
alumina remained nearly at a constant value of 0.92+/-0.05.
In the case of anodization in oxalic acid, pH strongly affected both the pore
diameter and the barrier oxide thickness (Fig. 6-14a & b). Increasing the concentration
from 0.0015M (pH=2.9) to 0.15M (pH=1.3) decreased the barrier oxide thickness from
114nm to 69nm (Fig. 6-14a) and decreased the pore diameter from 65nm to 35nm (Fig.6-
14b). As discussed in the earlier section, the changes in pore diameter and barrier oxide
thickness are related to the changes in water/anion content and the current efficiency.
Thus, both pH and electrolyte play a very strong role in determining the pore
diameter and we conclude that independent control of pore diameter can be achieved
within a range of experimental conditions by templating the self-assembly of porous
alumina and by anodization in suitable electrolytes.
6.4.4 Ordered Nanofunnel arrays
Three-ditnensionally ordered materials hold the promise of numerous applications, e.g. in
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Fig. 6-14 Effect of concentration of oxalic acid on the a) barrier oxide thickness
and b) pore diameter of ordered porous alumina with 200nm pore spacing.
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lithographic techniques have been used for layer-by-Iayer 3-D fabrication at the micron-
scale [NODA, 00], self-assembly techniques have received wide attention in the sub-
micron length scale due to easier fabrication routes and low cost. 3-D structures made by
two-photon lithography [DEUB, 04], 3-D polymer printing [SACH, 92], surfactant-based
self-assembly [ALEX, 98], block copolymer self-assembly [THOM, 86], anodic
oxidation of silicon [MATT, 04] and colloidal crystallization [XIA, 00] have been
reported. Recently, Ullal et al [ULLA, 05] have shown that interference lithography using
4 or more beams can be used to produce periodic 3-D polymer structures over a large
area. However, challenges remain in lithographic fabrication of metallic, semiconductor
and ceramic materials due to their chemical and mechanical properties. 3-D porous
materials at sub-IOOnm size scales have tremendous potential in biological applications,
e.g. for biomolecular separation, biomimetics and tissue engineering [ULLA, 05]. Also,
there is a need for new and novel 3D-nanostructured materials due to the stringent
requirements of biocompatibility. Porous alumina is a suitable material for a number of
these applications due to its mechanical and chemical stability, controllable pore size and
spacing in the sub-IOOnm regime as well as its biocompatible material properties. Here,
we show a new approach to fabrication of 3-D ordered porous alumina with tunable pore
diameters. In this section, we investigate the effect of periodic changes in the electrolyte
during anodization on the pore size variation through the thickness of porous alumina.
Surface pre-patterned aluminum films with 200nm period and hexagonal
symmetry were used as substrates for fabrication of 3-D ordered porous alumina. The
substrates used for 3-D porous alumina fabrication was prepared as described in section
3.2 and 3.3.2. Two sets of experiments were performed to obtain 3-D porous structures
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with modulation in pore diameter, from increasing to a decreasing size and vice versa.
For the first case, anodization of aluminum films was carried out in 5wt% phosphoric
acid solution at 86V and 4°C for a fixed amount of time. The potential was turned off and
the electrolyte was replaced with 0.015M oxalic acid and anodized at the same potential
and temperature until the aluminum film was completely oxidized. In another
experiment, anodization was first carried out in 0.015M oxalic acid solution followed by
anodization in 5% phosphoric acid. The fabricated structures were imaged in cross-
section using scanning electron microscopy of cleaved substrates.
Fig. 6-15 shows a schematic as an illustration of the technique for fabrication of
3-D porous alumina for one of the experimental conditions. The SEM images (Figs. 6-16
& 6-17) confirm the change in pore diameter when the electrolyte is changed during
anodization as indicated in the figures. In the case of anodization in 5% phosphoric acid
followed by 0.015M oxalic acid (Fig. 6-16), the pore diameter decreased from 85nm to
55nm forming a nanostructure in the form of a funnel ("nanofunnel"). The diameter
changes are reversed in the case of anodization in 0.015M oxalic acid followed by 5wt%
phosphoric acid (Fig. 6-17).
In summary, we conclude that porous alumina with periodic variations in pore
diameter with fixed pore spacing can be fabricated by the templating process. Periodic
changes of the electrolyte concentration during the anodization led to porous alumina
structures such as nano-funnels with periodically varying diameter through the thickness
of the porous alumina. While we have shown two periodic changes in pore diameter
along the thickness of porous alumina by changing the electrolyte once, more number of
periodic variations in pore diameter can be obtained by periodic changes in the pH and/or
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2nd anodization - phosp acid 5wt%
Fig. 6-15 Schematic of the process for fabricating 3-D porous alumina with
modulated pore diameters.
Oxalic a~id O.015M, diameter 55+/-5 om
-------------
Phosphoric acid 5%, diameter 85+/-5 om
Fig. 6-16 Inverted nanofunnels formed by anodizing pre-patterned aluminum films
first in 5wt% phosphoric acid followed by anodization in 0.015M oxalic acid. The
pore spacing is 200nm and the dotted line shows the change in pore size from 85nm
to 55nm.
Phosphoric acid 50/0, diameter 85+/-5 nm
Oxalic acid O.015M, diameter 55+/-5 nm
Fig. 6-17 Nanofunnels formed by anodizing pre-patterned aluminum films fust in
0.015M oxalic acid followed by anodization in 5wt% phosphoric acid. The pore spacing
is 200nm and the dotted line shows the change in pore size from 55nm to 85nm.
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the electrolyte. These results demonstrate a new technique to fabricate 3-D porous
nanostructures in AAO. Potential applications of this technique include CNTs with
tunable band gaps, chemical and biomolecular filtration and photonic devices.
6.4.5 Ordering at sub-lithographic dimensions: Pore doubling
experiments
In this section, we demonstrate ordering of pores at a length scale smaller than the
lithographic pre-pattern used to template the self-assembly process. The technique is
based on matching the potential to conditions that lead to sub-lithographic self-assembly
and was first showed by Mikulskas et al [MIKUL, 01] and later by Choi et al [CHOI, 03].
Details of their techniques are described in section 2.13.
Aluminum films deposited on pre-patterned silicon with 200nm pattern spacing
and square symmetry were used as substrates for self-assembly at length scales smaller
than 200nm. The pore spacing is directly dependent on the applied voltage (2.5nmIV).
The voltage for anodization was chosen such that the voltage aids formation of a pore
above the vertices of the inverted pyramids and also at the intersection of the diagonals of
the vertices in a square lattice as shown in Fig. 6-18. For pre-patterned silicon with
200nm period, this value corresponds to 200nmJ("2*2.5nmIV) = 57V.
As deposited aluminum films on pre-patterned silicon were anodized in 5% phosphoric
acid at fixed potentials between 55 and 61 V. Fig. 6-19 shows the effect of applied
potential on the period doubling. Though there is a strong tendency for a pore to form at
the intersection of diagonals at approximately 61V, the alumina surface showed a large
number of hillocks as a result of anodization (no hillocks were present before
anodization), presumably due to the fine grain size of as deposited aluminum films as
well as stresses present in the film. Annealing the aluminum films at 300C in an inert gas
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atmosphere for 2 hours prior to anodization led to a dramatic change in the morphology
of the alumina, the major difference being the absence of hillocks (Fig. 6-19d). As we
discussed at the beginning of this chapter, the grain size of aluminum film plays a major
role in the instability process if the pore dimensions are comparable to the grain size. The
decrease in surface defects is due to an increase in grain size. However, in both the cases,
the pores that form above the vertices are non-uniform. Furthermore, the new pores that
form between the vertices are significantly smaller (-20nm). Choi et al showed that while
the pore size and shape are different on the surface, pores become well-ordered with
uniform diameters at sub-lithographic dimensions with anodization time. Changing the
applied potential changes the period of the instability as discussed in chapter 5 and the
weak non-linear interactions between slow modes result in pores forming at the
intersection of the diagonals. Due to the limitation of small film thickness (-300nm-
lum), we were unable to study the evolution of the pore shape and ordering with time. To
achieve uniform pore diameter and spacing at sub-lithographic dimensions, direct pre-
patterning of the thick aluminum foils using interference lithography is suggested.
We also note that the curvature of the aluminum etch pits affects reliable sub-
lithographic self-assembly process of alumina. If the etch pits are large, we observed that
multiple pores form on the side-walls of the pits (Fig. 6-20). The strain energy variations
with curvature lead to the pores decorating the edges of the pits. For sub-lithographic
pore doubling, we suggest that a small pit size is necessary to avoid such defects.
6.5 Summary and conclusions
In this chapter, we demonstrated for the first time templated self-assembly of porous
alumina on a wafer scale by pre-patterning the underlying silicon substrate as well as by
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directly pre-patterning the aluminum film uSIng interference lithography. We have
achieved perfectly ordered porous alumina on silicon over large areas with high aspect
ratio pores and with independent control of pore spacing and diameter over a wide range.
By tuning the pore diameter, we have also demonstrated 3-D ordered porous structures
such as nanofunnels. Pore spacings corresponding to twice the frequency of topographic
features have been obtained by controlling the anodization potential. In the case of pore
doubling (a pore spacing half that of the topography), pores have one of two sizes, with
the small pore size being -20 nm in diameter. Tabone and Krishnan [TABO, 05a, b] have
also recently reported formation of pores at sub-IOnm dimensions by a templated self-
assembly approach using quantum dots. All of these results demonstrate the use of
templated self-assembly to order porous alumina for large scale fabrication of




Film Confinement Effects on the
Ordering of Pores in AAO
In the previous chapter, templated self-assembly of porous alumina was demonstrated by
anodizing aluminum films with periodic hexagonal or square pattern patterned by
interference lithography. The entire aluminum film was exposed to the electrolyte during
the anodization process, to obtain a continuous layer of AAO. For devices and
technologies based on AAO, it is also important to pattern and anodize selected regions
of aluminum while maintaining pore order. Here, we report the self-assembly of pores in
AAO in confined geometries obtained by masking parts of the aluminum film using
silicon oxide insulating layers and anodizing the exposed areas of the aluminum in the
plane and out of the plane of the substrate.
In the first set of experiments, we studied the effects of the width of the exposed
aluminmTI on the anodization process. Based on the observed confinement effects on the
formation and ordering of pores, we propose new methods and approaches for guided
self-asselnbly beyond the limits of interference lithography. Recently, Yan et al [YAN,
03] used a spin-on-glass mask to anodize selective regions of aluminum with dimension
-100um. However, the focus of their work was to optimize the process of lithographic
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patterning and selective anodization. They did not study or discuss the effect of
confinement on the ordering of pores.
In the second set of experiments, silicon substrates with thin films of aluminum
protected by silicon oxide were cleaved and the fractured surface was anodized laterally
along the thickness of the aluminum (lateral anodization). Masuda et al [MASU, 93] first
demonstrated the lateral anodization of continuous aluminum films in oxalic acid
electrolyte using aluminum oxide as a masking layer. However, Masuda et al [MASU,
93] did not present a systematic study of the dependence of the pore spacing on the
applied voltage. In this work, we have evaluated the factors that affect the ordering of
pores including aluminum film thickness and grain boundaries as well as electrochemical
potential and concentration. We have also performed lateral anodization of aluminum
gratings with a silicon oxide masking layer created by lithography techniques. At the end
of this chapter, we also discuss future experimental work that may lead to perfectly
ordered pores in the plane of the substrate.
This work was performed in collaboration with graduate student, Jihun Oh, in
Prof. Carl Thompson's group at the Massachusetts Institute ofTechnology, USA.
7.1 Experimental methods
The steps used to pattern and anodize selected regions of aluminum are illustrated in
Figs. 7-1 and 7-2. Aluminum was e-beam evaporated on pre-cleaned silicon substrates
coated with 100nm of thermally grown silicon oxide. The aluminum layer was capped
with a ~250nm e-beam evaporated silicon oxide film. Initial experiments were performed
using PECVD oxide, however, hillocking of aluminum was observed due to the thermal
mismatch between the silicon substrate and the aluminum at the high temperatures
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Fig. 7-1 Schematic of the oxide patterning process for the study of the effects of
confmement on the pore formation and ordering process.
Fig. 7-2 Schematic of the lateral anodization process used to form I-D ordered pores
in the plane of the substrate. The edge of the Al film was exposed by fracturing the
wafer or using a lithographic patterning process.
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required for PECVD (250 C) and hence in most of the experiments, the oxide was
deposited using the e-beam evaporation technique.
Micron-scale patterning (2um and above) of the oxide in rectangular, square,
circular and other shapes was made by coating the aluminum-silicon oxide stack with a
positive photoresist (OCG 825-20, 300nm) and patterning the photoresist using a contact
mask alignment and exposure system (EVl). The lithography pattern was transferred to
the oxide by reactive ion etching of the silicon oxide using a fluorocarbon gas mixture
(see appendix E for process recipes). The exposed aluminum was removed by wet
chemical etching in some cases, and used as substrates for lateral anodization.
For submicron patterning (lurn and below) of the oxide, the interference
lithography technique was used to fabricate grating structures with periods of 1urn,
400nm, or 200nm and gap and oxide line widths of 500nm, 200nm, or lOOnm,
respectively. Gratings with 1urn line widths and 2um spacings with periodically
modulated sidewalls (modulated with 200nm period) were also fabricated using
interference lithography by a double-exposure technique (for details, refer to chapter 3),
to study the effect of periodic sidewall modulation on the ordering of pores. The exposed
aluminum surface was chemically cleaned using a mixture containing 6 wt % phosphoric
acid and 1.8 wt % chromic acid. Anodization was carried out in phosphoric and oxalic
acid solutions as a function of applied potential.
For lateral or sideways anodization of aluminum, substrates with continuous
aluminum films and silicon oxide capping layers were fractured and exposed aluminum
was anodized at various applied potentials in phosphoric and oxalic acid solutions.
In all of the anodization experiments, electrical contact to the aluminum film was
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Fig. 7-3 SEM images of pores formed by anodizing rectangular and circular patterns
of exposed aluminum. Pattern size is ,..., 2-3um. The bottom two figures show
magnified images indicating a strong edge effects on the ordering of pores.
Fig. 7-4 SEM images of a pattern with the letters MIT shown at various magnifications.
Edge effects on the ordering of pores can be seen on the magnified image.
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made by a mechanically abrading the capping oxide using a diamond scribe and coating
the exposed aluminum with a silver paint. Care was taken not to expose the coating to the
electrolyte to prevent contamination and electrochemical dissolution of silver.
Samples were imaged and characterized using scanning electron microscopy
(lEOL 6320FV) at various stages of fabrication.
7.2 Results and Discussion
7.2.1 Micron and nano-scale silicon oxide patterning: Grating
width effects
Figs 7-3 and 7-4 show micron-scale patterns of Al anodized in 5% phosphoric acid at
160V. Various shapes including rectangular, square, circular and other shapes such as the
letters of "MIT" have been patterned and the patterned regions have been selectively
anodized to form porous alumina. As seen from the images, the aluminum areas masked
by the PECVD silicon oxide are well-protected from anodization. The pore ordering is
poor in most of the anodized areas and the near-neighbor correlation is weak. However, a
strong effect of patterning is seen near the edges separating the masked and unmasked
areas where the pores show a high degree of ordering. The edge effect may be related to
the directional anisotropy in the stress generated as well as due to the rigidity of the
silicon oxide layer. As discussed in the previous chapter, both these effects change the
morphological instability phenomenon that occurs at the metal-oxide interface.
To further study the edge effects, interference lithography was used to pattern
features at the submicron length scale. Silicon oxide was deposited using the e-beam
evaporation method in all of our studies involving nanoscale patterning by interference
lithography. SEM images shown in Figs. 7-5, 7-6 and 7-7 demonstrate the effect of
pattern size and the applied voltage on the size, shape, spacing and ordering of the pores.
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Fig. 7-5 SEM images of AAO formed by anodizing aluminum masked by oxide
lines with spacings of 1urn and widths of -500nm. Anodization was performed in
5wt% phosphoric acid at the voltages indicated in the figures. The number of rows
of pores decreases with increasing voltage.
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Fig. 7-6 SEM images of AAO formed by anodizing aluminum masked by oxide
lines with spacings of 400nm and widths of -200nm. Anodization was performed in
5wt% phosphoric acid at the voltages indicated in the figures. The number of rows
of pores across the width of the grating decreases with increasing voltage.
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Fig. 7-7 SEM images of AAO formed by anodizing aluminum masked by oxide
lines with spacings of 200nm and widths of .....1OOnm. Anodization was performed in
5wt% phosphoric acid at the voltages indicated in the figures. The number of rows
of pores across the grating width decrease with increasing voltage.
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For gratings with 1um periods (Fig. 7-5), the average number of rows of pore
across the width of the grating decreased from 4 at 80V to 3 at 130V and 2 at 200V. In all
of the cases, grain boundaries of aluminum affect the pore formation. Fig. 7-6 shows
gratings with 400nm period anodized in 5% phosphoric acid at the voltage indicated in
the pictures. In this case, an average number of 2 rows of pores were observed across the
width of the grating when anodization was carried out at 70V. Pores form a 1-D array
above 120V. However, the pores were slightly elongated along the direction of the
grating at 200V. Similar effects were observed with 200nm period gratings (Fig. 7-7), for
which elongation of pores occurred for voltages above 80V. At 180V, elongated pores
along the grating with the largest dimension of 1urn or more were observed. This
dramatic change in morphology may be due to the reduction in repulsive forces, but the
exact mechanism is not yet known Nevertheless, porous alumina trenches can be
fabricated using this approach, making the AAO technology more flexible in terms of the
shapes and sizes ofpores that can be created.
1-D array of pores formed in 200nm and 400nm period gratings contain defects
that are caused by aluminum grain boundaries. The aluminum grain size is comparable to
the pore dimensions and therefore limits the growth of defect-free and ordered 1-D pores.
Thermal annealing as well as the use of epitaxially grown aluminum films may reduce or
eliminate the grain boundary effects thereby promoting formation of ordered and aligned
I-D porous alumina structures. Damascene aluminum structures can also improve the
ordering due to stronger confinement effects.
We have also studied the effect of side-wall modulations of gratings created by
interference lithography. From the SEM images of AAO formed in the modulated side-
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Fig. 7-8 SEM images of AAO formed by anodizing aluminum masked with a silica
grating with modulated line edges. The grating width and spacing is 1urn and 2um
respectively, and the period of modulation is 200nm. Inset shows ordered pores near
the modulation as a result ofconfmement.
Fig. 7-9 SEM images of AAO formed by anodizing aluminum masked with a silica
grating with modulated line edges. AAO was partially etched to show the effect of
modulation on the ordering of pores. The inset shows the aluminum grating with
periodic modulation transferred from the silicon oxide by anodization and selective
etching of aluminum oxide.
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wall grating structures, we observed that the pores order preferentially near the
modulation (Fig. 7-8a). More clear evidence of the ordering is also seen in SEM images
taken after partially etching the porous alumina (Fig. 7-8b).
7.2.2 Lateral anodization
Fig. 7-9 shows I-D arrays of AAO pores formed in the plane of the substrate by
anodizing the aluminum exposed on a fractured surface in 5% phosphoric acid between
80-160V. Below 160V (5% phosphoric acid), the pores are disordered and also pores
tend to form near the aluminum-silicon oxide interface. This effect is likely to be caused
by enhanced interface diffusion of oxygen vacancies along the silicon oxide interface
during the initial stages of anodic oxidation. Improved ordering was observed at 160V.
However, the variations in the elastic and surface energy due to the presence of grain
boundaries in aluminum prevented perfect ordering of pores and also created distortion in
the shape of the pores. We have successfully grown pores up to a depth of 8um in the
plane of the substrate by anodizing in 5% phosphoric acid at 160V for 16 hours. Optical
microscope images (Fig. 7-10) also show that pin holes in the silicon oxide are present in
200nm-thick e-beam oxide and leads to extraneous pore formation at the pin holes.
However, we have eliminated pin holes in later experiments by depositing a thicker
silicon oxide (--400nm). Fig. 7-11 shows a plot of the dependence of the average pore
spacing on the applied voltage in 5% phosphoric acid. Anodization in 0.3M oxalic acid at
40V resulted in multiple pore rows across the film thickness. However, there was no
ordering observed for the same reasons as in the case of anodization in phosphoric acid.
Similar effects were observed in the case of aluminum patterned using optical
lithography. Fig. 7-12 shows porous alumina that was formed by patterning and
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Fig. 7-10 SEM images of AAO formed by lateral anodization of aluminum.
Aluminum edges exposed by fracturing the silicon was anodized in (a}-{e) 5wt%
phosphoric acid and (f) a.3M oxalic acid at voltages indicated in the figures. (Images
were taken by Jihun Oh)
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Fig. 7-11 Optical microscope image of AAO formed by lateral anodization of Al
film showing confined lateral growth of pores. Aluminum exposed by fracturing
the silicon was anodized in 5wt%phosphoric acid at 160V. (Image by Jihun Oh)
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Fig. 7-12 Dependence of pore spacing on the anodization voltage for lateral
anodization of a 200nm-thick Al film in 5wt% phosphoric acid (Plot by Jihun Oh)
Fig. 7-13 SEM images of AAO
formed by lateral anodization of a
lOOum wide aluminum line with
silica mask fabricated using
optical lithography.
200
anodizing the sidewalls of a 100um-wide grating.
7.3 Conclusions
We have demonstrated formation of I-D arrays of pores grown in the plane and
out of the plane of the substrate. The presence of Al grain boundaries was found to
strongly affect the pore size, shape, and ordering. Hence, we conclude that epitaxial
aluminum films or aluminum with equiaxed columnar grains are necessary for improving
the uniformity of pore size and spacing. Further confinement of aluminum through the
use of damascene structures can also lead to sub-lithographic ordering ofpores.
Gratings with modulated sidewalls can also be used to template the lateral self-
assembly of pores, thereby leading to perfectly ordered pores in the plane of the substrate
with pore spacing controlled by width of the modulation. Potential applications include
in-plane growth of nanotubes and nanowires for fabrication of optical, electronic, and
magnetic devices using conventional semiconductor manufacturing technologies. Several
challenges have to be addressed including reliable transfer of the periodic modulation to
the aluminum while preserving the oxide layer on top of the aluminum film. Various
approaches to pattern transfer including lift-off, wet chemical etching of aluminum, dry
etching of aluminum and anodic oxidation of aluminum as well as depositing more robust
masking materials such as aluminum oxide or aluminum nitride are presently being
studied. Preliminary results show an observable effect of the modulation on the lateral
ordering of pores.
The results and methodologies presented here provide a pathway for future
devices with controlled in-plane and out of plane organization of nanomaterials




Locally Ordered Porous Alumina:
Effects of Potential and pH changes
on Pore Size and Spacing
Until now, we have discussed the effect of templating by lithography methods on the
pore formation and ordering process. However, as we will see in this chapter, the pore
size, spacing and ordering can be controlled by non-lithographic methods using similar
approaches of changing the electrochemical conditions during anodization. In particular,
in this chapter, we will discuss the effect of changing the pH, electrolyte and potential
during the 2nd anodization in the conventional double-anodization technique described in
chapter 3.
The experiments presented in this chapter were carried out with assistance from
undergraduate student, Byron Hsu at the Massachusetts Institute of Technology, USA.
8.1 Introduction
Ordered porous alumina can be formed by templating methods described in chapter 6 that
lead to long range order or by conventional anodization techniques that lead to short
range order (see chapter 3). Masuda et al [MASU, 96] showed that short range ordering
can be achieved by a double anodization process. Although, there has been a lot of work
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done to obtain ordered porous alumina with well-defined pore diameter and spacing,
without templating, the short-range order is generally observed in very narrow ranges of
applied potential (195V for phosphoric acid, 40V for oxalic acid and 25V for sulfuric
acid). Furthermore, at these conditions of anodization, the porosity has been reported
earlier to be '"""'10%. Nielsch et al [NIEL, 02] found that under conditions that lead to
short-range order, the pore diameter, pore spacing and barrier oxide thickness are inter-
related and cannot be controlled independently using the double anodization technique.
While templating can be used to obtain pores with controlled size and spacing, double-
anodization technique is advantageous for applications that do not require long range
order, but only uniform pore diameter, short range order and high aspect ratio in the sub-
100nm range, due to the ease of fabrication and cheap cost. Examples of such
applications include chemical sensors and field emission devices. Other examples include
where porous alumina is used as template for growing nanowires and subsequently
removed by chemical etching to obtain nanowires in solution.
Here, we present a modified double-anodization technique and show that the pore
diameter and spacing can be changed (either increased or decreased) while maintaining
short-range order by changing the applied potential and pH during the second
anodization.
8.2 Experimental techniques
Our approach to achieving short range ordered porous alumina with independent control
of pore diameter and spacing is as follows: The first anodization is carried out for a long
period of time using pre-cleaned and annealed aluminum foils at electrochemical
conditions that lead to locally ordered porous alumina namely 40V, O.3M oxalic acid or
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25V, O.3M sulfuric acid. The experimental details for the sample pre-treatment and
anodization have already been discussed in Chapter 3. The oxide formed from the 1st
anodization is then removed by chemical etching. As we showed in chapter 3, the
aluminum surface has locally ordered dimples after removing the oxide (Fig. 3-3).
Conventionally, the 2nd anodization is performed at the same conditions of potential and
concentration and pores form at the dimples present on the aluminum surface. However,
we have used the aluminum foil with ordered dimples as the starting substrate for
anodization and have varied the electrolyte, pH and voltage during the 2nd anodization
and studied their effects on the pore spacing, ordering and size.
The pore spacing "d" has been reported previously to be directly proportional to
the applied voltage (d = 2.5nm/V). Our process differs from the conventional double-
anodization technique in that the applied potential and/or pH in the 2nd anodization are
not kept the same as that used in the first anodization. Two sets of experiments were
performed to control the pore diameter and spacing. In the first case, we varied the
applied potential during the 2nd anodization to values that matched the pore spacing equal
to twice, half, 1/~3, ~3 of the spacing of dimples in the aluminum surface. Thus the 2nd
anodization potential was changed to twice, half, 1/~3 or ...J3 times the value of 1st
anodization potential. The electrolyte concentration in the 2nd anodization is chosen such
that no oxide breakdown occurred as well as the oxide growth occurred at an appreciable
rate (....,1 um/hr). For example, when the voltage was increased from 25V to 50V, the
electrolyte was changed from O.3M H2S04 to O.3M H2C20 4 to avoid oxide breakdown.
In the 2nd case, the applied potential was kept constant in both the 1st and 2nd
anodization and the pH of the electrolyte was varied by varying the concentration of the
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1st anodization 2nd anodization
Electrolyte Concentration Voltage Electrolyte Concentration Voltage (V2)(M) (Vt) (M)
Sulfuric 0.3 25.0 Oxalic 0.3 50.0 (2V1)
Sulfuric 0.3 25.0 Oxalic 0.3 43.3 C"3Vt)
Oxalic 0.3 40.0 Oxalic 0.1 80.0 (2V1)
Oxalic 0.3 40.0 Oxalic 0.3 69.3 C"3Vt)
Oxalic 0.3 40.0 Sulfuric 0.3 23.1 (VtI-'V'3)
Oxalic 0.3 40.0 Sulfuric 0.3 20.0 (Vt/2)
Sulfuric 0.3 25.0 Sulfuric 0.03 25.0
Sulfuric 0.3 25.0 Sulfuric 0.1 25.0
Sulfuric 0.3 25.0 Sulfuric 0.6 25.0
Oxalic 0.3 40.0 Oxalic 0.003 40.0
Oxalic 0.3 40.0 Oxalic 0.03 40.0
Oxalic 0.3 40.0 Oxalic 0.1 40.0
Oxalic 0.3 40.0 Oxalic 0.6 40.0
Table 8-1 Experimental conditions (Voltage and pH) used in the 1st and 2nd
anodization of the modified double-anodization process.
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electrolyte during the 2nd anodization.
Table 8-1 shows the electrochemical conditions studied in this chapter. Fig. 8-1
show a schematic of the expected effect of changes in potential on the spacing ofpores.
The effect of pH was characterized by measuring the pore diameters from plan-
view SEM images of the oxide after the 2nd anodization. The effect of voltage was
characterized by selectively removing the oxide from the 2nd anodization and by
measuring the spacing and the degree of ordering of the Al dimples after the 2nd
anodization and etching process. The periodic dimples at the aluminum surface after
etching correspond to the periodic curvature of the barrier oxide at the aluminum-oxide
interface before etching. The degree of ordering was quantitatively characterized by
performing fast fourier transform (FFT) of the SEM images using the image analysis
software ImageJ developed by NIH.
8.3 Results and Discussion
8.3.1 Effect of changes in applied potential
Fig. 8-2 a & b show SEM images of the aluminum surface after 1st anodization in 0.3M
oxalic acid and sulfuric acid along with FFT analysis of the images. The oxide was
selectively etched in chromic-phosphoric acid mixture. We analyzed the FFT images
based on a technique previously reported by Shingubara et al [SHIN, 04]. FFT images of
ordered porous alumina provide information about its structure periodicity in the fourier
space. A perfectly ordered array of holes with hexagonal order will appear as hexagonal
spots in the FFT image. However, for porous alumina with short range order, the absence
of long-range periodicity leads to a ring shape in its FFT image as shown in Fig. 8-2. A
line scan passing through the center of the ring and the intensity variations of the FFT
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Fig. 8-2a SEM and FFT images show the degree of ordering in O.3M oxalic acid at
40V after 1st anodization. The plot on the bottom right shows the line scan of
intensity of the FFT spectrum.
Fig. 8-2b SEM and FFT images show the degree ofordering in O.3M sulfuric acid at
25V after 1st anodization. The plot on the bottom ri~t shows the line scan of
intensitv of the FFT snectnlm ;mti the oth. 1st ;Inti 2° snot.",.
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image along that line is also shown Fig. 8-2. We used the peaks seen in the intensity scan
to interpret the degree of ordering. The area of the SEM image analyzed by FFT can
affect the results as FFT analysis of images at high magnifications with a single domain
of ordered porous alumina will give rise to a sharp intensity peak compared to that
obtained by FFT analysis of images that include multiple ordered domains at lower
magnifications. Hence, we compared the effect of changes in 2nd anodization voltage at
the same magnifications of SEM images. We also compared our results at different
magnifications and found that the trends in the results obtained remained the same.
The height of the primary peak (Oth spot) increases with increasing uniformity of
the inter-pore spacing as well as increasing degree of ordering. The secondary peaks (1 st
spot, 2nd spot) seen in the images are related to near-neighbor correlations. Hence, a sharp
peak at the 1st spot indicates a strong first-neighbor correlation. This is also related to the
number of rings seen in the FFT images.
Fig. 8-3a - 8-8a show SEM images of the aluminum surface on the left after the
2nd anodization at voltages given in Table 8-1. To compare the effect of the pre-pattern
created by 1st anodization, we also show images of samples (Fig. 8-3b - 8-8b, right side)
anodized once in the same conditions as the 2nd anodization conditions given in Table 8-
1. From SEM image analysis, the average pore spacing in all the cases was within 2-5%
of the value calculated from the previously reported 2.5nm/V relation. From the intensity
plots, it can be seen that both the Oth peak and the 1st peak are higher for samples
anodized using our modified double-anodization technique. Both at 43.3V and at 50V, a
much stronger near-neighbor correlation is observed and the improved ordering is clearly
seen from the SEM images.
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Fig. 8-3b SEM, FFT and
intensity images of samples
anodized in




Fig. 8-3a SEM, FFT and
intensity images of samples
anodized in
1: O.3M oxalic acid, 40V
followed by
2: O.IM oxalic acid, 80V
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Fig. 8-4a SEM, FFT and
intensity images of samples
anodized in
1: O.3M oxalic acid, 40V
followed by
2: O.3M oxalic acid, 69.3V
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Fig. 8-4b SEM, FFT and
intensity images of samples
anodized in




Fig. 8-5b SEM, FFT and
intensity images of samples
anodized in
I: O.3M sulfuric acid, 20V
Fig. 8-6 SEM, FFT and
intensity images of samples
anodized in
1: O.3M oxalic acid, 40V
followed by
2: O.IM oxalic acid, 23.3V
Fig. 8-5a SEM, FFT and
intensity images of samples
anodized in
1: O.3M oxalic acid, 40V
followed by




Fig. 8-7a SEM, FFT and
intensity images of samples
anodized in
1: O.3M sulfuric acid, 25V
followed by
2: O.3M oxalic acid, 50V
Fig. 8-8a SEM, FFT and
intensity images of samples
anodized in
1: O.3M sulfuric acid, 25V
followed by







Fig. 8-7b SEM, FFT and
intensity images of samples
anodized in
1: O.3M oxalic acid, 50V
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Fig. 8-8b SEM, FFT and
intensity images of samples
anodized in
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Fig. 8-9 Comparison of the degree ofordering as a function ofapplied potential for
samples fabricated by the modified double-anodization technique to samples
anodized once at the same 2nd anodization potential and pH.
1st anodization - Sulfuric acid O.3M 25V
Remove oxide by chemical etching
"'-''''-''''-''''-''-''''-'~''''-'''''''-'''~
2nd anodization - Sulfuric acid O.6M 25V
Fig. 8-10 Schematic of the process used to change the pore diameter illustrated for
the case of 1st anodization in O.3M sulfuric acid at 25V and 2nd anodization in O.6M
sulfuric acid at 25V. Both electrolyte and pH were varied as shown in Table 8-1 to
study their effects on the pore diameter.
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The effect of the aluminum dimples from the 1st anodization on the short-range
ordering is shown in Fig. 8-9 by plotting the oth peak as a function of the anodization
potential. In all of the cases, we find that the modified double anodization technique
improves the uniformity of inter-pore spacing as well as the degree of short-range
ordering. In the case of period splitting by reducing the applied voltage, we find that
while our modified technique increases the magnitude of oth peak, the near-neighbor
correlation is weak. This is caused by pores that initially form along the ridges of the
aluminum dimples due to curvature effects on the thermodynamic free energy. Such
defects thereby lead to porous alumina with poor short range order but with improved
uniformity of the pore spacing. In our experiments, we have not studied the effect of
concentration on the degree of ordering of the pores in the 2nd anodization and further
improvement can be made by optimizing the concentration to achieve a higher degree of
ordering.
In Chapter 6 and 7, we showed that period splitting or ordering at sub-lithographic
dimensions can be achieved by adjusting the applied potential. We proposed that ordering
in porous alumina occurs due to short range forces and their effects can be amplified by
templating at the length scales of short range order. The results shown in this chapter thus
provide more experimental evidence that the template or pre-pattern plays a strong role if
the length scale of the pre-pattern is close to the length scale for short-range forces that
cause self-assembly. However, we note that while the degree of ordering is improved by
the modified double-anodization technique, the effect is not strong and is not discernable
by simple observation and comparison of SEM images.
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Fig. 8-11 SEM images ofporous alumina prepared by anodization in oxalic acid at
40V. The concentration of the oxalic acid was changed from O.3M during 1st
anodization to a) O.003M b) O.03M c) O.IM and d) O.6M during 2nd anodization.
Fig. 8-12 SEM images ofporous alumina
prepared by anodization in sulfuric acid at
25V. The concentration of the sulfuric acid
was changed from O.3M during 1st
anodization to a) O.03M b) O.IM and d)
O.6M during 2nd anodization.
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8.3.2 Effect of electrolyte concentration
In chapter 6, we showed that the concentration of electrolyte changes the pore diameter
under certain conditions while the pore spacing is fixed by the templating process. We
performed similar studies on the effect of concentration of electrolyte on the pore size for
porous alumina fabricated using the double anodization technique. Fig. 8-10 shows a
schematic of the process used to change the diameter of the pores. For oxalic acid
electrolyte, we varied the concentration from 0.003 to 0.6M as shown in Table 8-1. In the
case of sulfuric acid, the concentration was varied from 0.03 to 0.6M. Figs.8-11 & 8-12
show the surface of porous alumina after 2nd anodization in oxalic and sulfuric acid
respectively. The locally ordered periodic dimples created in the 1st anodization locks the
pore spacing and thus we find in almost all the cases, there are very few extraneous or
missing pores.
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concentration or acidity similar to the results shown in Chapter 6.
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Fig. 8-13 Effect of changes in concentration of the electrolyte during 2nd anodization
on the pore diameter for oxalic and sulfuric acid solutions.
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For the sulfuric acid case, we observed that the pore diameter reduced from
~24nm to ~13nm when the concentration was changed from O.3M (lst anodization) to
O.6M (2nd anodization). To our knowledge, porous alumina with short range order and
diameters of ~13nm is the smallest ever reported. However, for most of the other
concentrations, the dependence is weak. We also observed that oxide breakdown occurs
when the concentration of sulfuric acid was increased to O.7M at 25V. This suggests that
changes in pore diameter are significant at high applied potential and electrolyte
concentration. All of these conditions also lead high anion and water incorporation. We
discussed the effects of current efficiency and impurity incorporation in Chapter 6 and
conclude again that the pore diameter changes are caused by these two effects.
8.4 Summary
In summary, we controlled the pore diameter, spacing and ordering by a modified
double-anodization technique. We conclude that the size and shape of the dimples on the
aluminum surface after removing the oxide from the 1st anodization influences the pore
arrangement during the 2nd anodization even for voltages that lead to period doubling or
splitting in the 2nd anodization. We have demonstrated improved ordering using our
modified double anodization technique. Though the increase in the degree of ordering is
modest, this simple technique can be used as a powerful tool to understand the role of
electrolyte and potential on the self-assembly process. Combining this approach with
template-assisted self-assembly can improve the degree of ordering of the pores. Pore
diameters as small as ~13nm have been achieved by changing the pH in the 2nd
anodization and is the smallest pore size with short range order reported to date.
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Thus far, we have shown various methodologies of pore ordering for creating a
platform based on porous alumina for assembling the building blocks of nanoscale
devices~, namely, nano-wires, -rods, -dots and -tubes. In the reminder of the thesis, we
demonstrate new methods of fabrication, assembly and functionalization of these
building blocks using AAO for nanoscale devices. The results presented in the following
chapters (9, 10, and 11) and in appendices C and D demonstrate the versatility of porous
alumina templates as a scaffold for controlled growth of nanomaterials as well as an





Ordered and Aligned Carbon
Nanotube Arrays
9.1 Introduction
Carbon nanotubes (CNTs) [DRES, 01], [TERR, 03] have been extensively studied due to
their extraordinary electrical [WHIT2, 98], thermal [BIER, 02], mechanical [TREA, 96],
[DALT, 03], chemical [LID3, 99], and biological [BIAN, 03] properties. CNTs show
special promise as both metallic and semiconducting elements of electronic nanosystems
[SAlT, 92], [DRES, 01]. However, a major challenge to realization of this potential is
fabrication ofnanotubes with controlled sizes, spacings, positions, and character.
Substrate-mediated growth of carbon nanotubes involves the use of metal
catalysts in the form of 'nanodots', which serve as sites for carbon nanotube nucleation
and mediate nanotube growth [TERR, 03]. The size, shape, growth direction, and
character of the resulting tubes are strongly influenced by the characteristics of the
nanodot catalysts [CHHO, 01]. Current methods for nanodot fabrication, such as laser
ablation and thin film dewetting, are not well-controlled and produce nanodots with a
wide range of sizes and separations [MORA, 98], [DUAN, 00]. These approaches also
provide no control over the absolute locations of nanodots relative to substrate features.
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Lithographic techniques for producing nanodots with controlled locations at the wafer
level are based on low-throughput writing technologies [REN, 99], [TEO, 01], and while
self-assembly processes can lead to arrays of nanodots with short range order, long range
order and controlled array placement can not be achieved [LI3, 99], [SAND, 03].
Moreover, incorporation of nanotubes into arrays of devices will require not only
placement control, but a scaffold for control of tube locations during subsequent
processing. This can be achieved through growth in holes, but the minimum pore
diameters and maximum pore aspect ratios that can be achieved even through deep
reactive ion etching are limited. Large-area control of the location and support of
nanoscale materials and structures are required for their incorporation into systems of
devices, and for their integration with more conventional devices and materials.
We showed in Chapter 5 that anodization of aluminum films deposited on
substrates with lithographically defined periodic topography leads to templated self-
assembly of alumina pores that are perfectly ordered over large areas and allows
independent control of the pore diameter. Here, we report the use of these ordered
nanoporous structures to produce arrays of supported carbon nanotubes that are also
ordered over wafer-scale areas with independently controlled sizes, spacings, and
location relative to the underlying Si substrate. To the best of our knowledge, this
approach is the first demonstration of the growth of aligned, long-range-ordered, and
supported sub-IOOnm diameter nanotubes at a density greater than 10131m2 over several
square inches of silicon wafer surface.
This work was performed in collaboration with Prof. Choi, Dr. Young Foo and
graduate student Hung Nguyen from the National university of Singapore, Singapore.
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Most of the results reported in this chapter can be found in [KRIS, 05].
9.2 Experimental details
The steps used to fabricate ordered carbon nanotube arrays on silicon using templated
porous alumina are schematically illustrated in Fig. 9-1. The ordered porous alumina
templates were fabricated as described in the experimental section of chapter 6. After
anodization, ten nanometer thick nickel films were evaporated normal to the wafer
surface (parallel to the pore axes). The samples were cleaned using acetone and
isopropanol prior to nickel deposition. The nickel deposited on the top surface of the
porous alumina was removed using Ar ion-milling at a beam voltage of 5kV for
10minutes, and at a very low angle of incidence (5°). Carbon nanotubes were then grown
in alumina templates using plasma enhanced chemical vapor decomposition (PECVD) of
acetylene, with ammonia used as a carrier gas/reducing agent [TEO, 01], [MEYY, 03].
The substrates were heated to 700-750oC in the presence of NH3:C2H2 in the ratio of
80:20 for 10-15 minutes at a partial pressure of 8mbar. The substrate was then biased at -
550V to initiate a DC glow discharge plasma during the CNT growth to aid the alignment
of carbon nanotubes.
9.3 Sample characterization
Samples were imaged and characterized using scannIng electron microscopy (lEaL
6320FV) at various stages of fabrication. The nanotubes were characterized using
transmission electron microscopy and raman spectroscopy to study the chirality and the
structure of carbon nanotubes.
9.4. Results and discussions
Fig. 9-2(A.) shows a periodic inverted pyramid structure in Silicon and Fig. 9-2(B) shows
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Si substrate with periodic inverted pyramids
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Figure 9-1 Scheme for the fabrication of aligned CNTs using perfectly ordered porous
alumina template
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ordered porous alumina on silicon with hexagonal symmetry. The 80nm diameter pores
preferentially form above the vertices of the inverted pyramids. The presence of nickel
nanodots at the bottom of the pores after Ni evaporation was confirmed by imaging the
samples after selective removal of porous alumina by using a 1% HF solution. The
templates used for the subsequent synthesis of carbon nanotubes, via PECVD, were not
treated with 1% HF, as porous alumina serves to electrically isolate nanotubes in
individual pores. Porous alumina also provides a supporting scaffold that prevents tube
agglomeration and a mechanically stable platform for subsequent processing.
Ordered array of carbon nanotubes grown in porous alumina with regular
symmetry are shown in Fig. 9-2(C). The effect of templating on the growth, alignment
and ordering of CNTs is shown in Fig. 9-3 where the images of CNTs grown with and
without the template are compared. While the tubes are well ordered and typically there
is one tube per pore, multiple carbon nanotubes (-2-3 per pore) sometimes emerge from a
single pore. SEM images of porous alumina that has been ion-milled after nanotube
growth (Fig. 9-4) indicates that secondary tubes originated near the top surface of the
alumina, and that below the surface, the pores are filled with single multi-walled tubes.
This indicates that the ion-milling process prior to CNT growth may not have completely
removed the nickel present on pore sidewalls near the mouth of the pore.
TEM images (Fig 9-5) of individual carbon nanotubes show that the nanotube
diameter is directly dependent on the catalyst size. Analysis of TEM images of carbon
nanotubes indicates uniformity within +/- 50/0. The pore diameter and spacing controls the
size and position of catalyst and as the catalyst size directly relates to CNT diameter as
shown in TEM images, we therefore have indirectly controlled the CNT diameter by
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Figure 9-2 Scanning electron micrographs of (A) ordered inverted pyramid structure
in silicon fabricated using interference lithography and anisotropic chemical etching;
(B) perfectly ordered porous alumina with hexagonal sYmmetry on silicon over
wafer-scale areas, with pore diameter = 80nm and pore spacing = 180nm; (C)
ordered and well-aligned CNT arrays on silicon. Inset in (B) and (C) shows
magnified images of ordered alumina and CNTs respectively. Image (C) was taken
by Hung Nguyen.
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Fig. 9-3 a) Aligned but randomly ordered CNTs grown on a flat substrate
(silicon oxide coated silicon) with Ni as a catalyst by PECVD growth. SEM
imaging by Hung Nguyen.
Fig. 9-3 b) & c) Ordered and aligned CNTs grown using monodomain porous
alumina templates and Ni as a catalyst by PECVD growth; b) hexagonal
symmetry and c) square symmetry. SEM imaging by Hung Nguyen.
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controlling the pore diameter (Fig. 9-4). In the case illustrated in figures 9-2, one multi-
wall tube forms at the base of each pore, indicating that deposition of a 100A-thick Ni
film followed by annealing to the growth temperature lead to 1 particle per pore, either as
a direct result of the deposition process or as the result ofNi coarsening during annealing.
The chirality and the structure of carbon nanotubes were further characterized
using Raman spectroscopy (Fig 9-6). The Raman shift shows a broad peak at ,..."1600cm-1
(the g-band), a good indication of the metallic nature of some of the nanotubes, as no
Raman scattering intensity has been observed in the literature for semiconducting
nanotubes at this frequency [DRES, 01], [BROW, 00]. Multi-walled carbon nanotubes
are known to have peaks that are broadened and shifted due to interactions among
adjacent tube layers [BROW, 00]. Only the innermost tube gives a significant Raman
intensity. Apart from the g-band peak, we also observe a peak at ,..."1400cm-l . This may
indicate that some of the C-C bonds have sp3 rather than graphite (sp2) character [DRES,
96, 01]. Raman spectra at lower wavelengths indicate a broad peak at ,...,,350 cm- l , which
is consistent with the radial breathing mode (RBM) peak that has been reported in the
literature [SOUZ, 04]. Though such modes are usually observed in SWNT, this RBM
peak may also be indicative of multi-walled nanotubes with small inner cores [LEE, 02].
SEM and TEM images (Fig. 9-5) also indicate that nickel catalysts are present at
the growing tips of all the tubes (that emerge from the porous alumina scaffold) and the
tubes are multi-walled and bamboo-like [LEE, 02], [LOUC, 03], [MERK, 00]. Electron
diffraction analysis indicates that the nickel catalysts at the tip are single crystalline.
Diffraction patterns indicate that the nanotubes are crystalline but suggest no obvious
fixed chirality or in-plane orientation of the graphitic plane. The disordered bamboo-like
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Figure 9-4 Aligned CNT arrays in ordered porous alumina after ion-milling the
surface of samples of the type shown in Fig. 9-3(C). Only one tube is present in each
pore and the tubes are uniform in diameter. The inset figure shows a cross sectional
view from a fracture surface. The scale bar in the inset figure is 200nm in length
Figure 9-5 TEM image of a single multi-walled carbon nanotube. Electron diffraction
analysis of Ni particles at the tip of the tube shows that they are single-crystalline.
Diffraction patterns of the CNTs indicate the crystalline nature of the tubes. (TEM
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Fig. 9-6 The Raman shift shows a peak at - I600cm-1, indicating that tubes are
metallic. The peak at 1400cm-1 suggests that some of the C-C bonds may be sp3
hybridized. Raman analysis was performed by Hung Nguyen.
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structure is typical for PECVD growth although it is not well understood [MERK., 00].
Other techniques such as alcohol-assisted thermal CVD may improve the quality of
carbon nanotubes and/or to obtain single-walled CNTs. While we have primarily carried
out the growth and milling of CNTs as a demonstration of this new nanofabrication
technique, it is also significant that we have obtained the largest ordered array of aligned
nanotubes ever reported.
9.5 Conclusions
In summary, we have shown that ordered pore arrays can be used to produce ordered
arrays of carbon nanotubes, in which the spacing, size and ordering symmetry of the
tubes can be independently controlled through templated ordering of porous alumina.
The alumina also serves as a scaffold that controls the growth direction of the nanotubes,
prevents their agglomeration during growth, and provides a rigid, thermally and
chemically stable, and electrically insulating platform for further processing. With the
recent advances in interference lithography techniques such as achromatic interference
lithography [SCHA2, 99] and scanning beam interference lithography [KONK, 03], our
approach to produce aligned and supported CNTs can be integrated into conventional
semiconductor fabrication processes utilizing 300mm wafers.
These results demonstrate an approach to large-area control of the placement,
size, and support of nanotubes and other nanostructures for construction of systems of
nanoscale devices on a wafer level. Ordered and aligned carbon nanotubes over large
areas can be useful in applications such as field emission displays, interconnects in




Ordered Metallic Nano-dots, -rods,
and -wires, and their Applications
10.1 Introduction
Electrochemical deposition and dissolution processes support a variety of applications
that include corrosion, etching and plating [LAND, 02]. Electrochemical techniques have
attracted attention in the fabrication of nanostructures (including porous alumina) [CHIK,
04] as they provide numerous benefits including low cost, versatility (metals, metal-
oxides, semiconductors), high deposition rates, low thermal budget and non-vacuum
components.
In particular, electrodeposition is the most widely used technique for template
synthesis of nanostructures due to reliable reproduction of the template, uniform filling
capabilities as well as growth of multi-layered nanostructures [CHIK, 04]. Here, we
report the use of locally ordered as well as fully ordered porous alumina templates for the
growth of metallic nano-wires, rods and dots for electronic applications.
Metallic nano-wires, rods, and dots can be used in a number of applications
relevant to hyper-integration technology, including nano-wire interconnects (wires), on-
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chip magnetic storage devices (rods), on-chip Peltier cooling devices (wires and rods),
and plasmonic wave guides (dots). Metallic nanodots also serve as catalysts for carbon
nanotube growth and semiconductor nanowire growth [KRIS, 05]. Metal-filled porous
templates are relevant to sensor research as well as magnetic storage devices [NIEL, 01].
O-D and 1-D structures hold a promise in new areas of technology due to the size-
dependent material properties such as the thermoelectric figure of merit [ODED, 05]. In
this section, we discuss the electrochemical filling of nickel (CNT catalyst) and copper
(interconnects) inside the pores of alumina. Aligned carbon nanotube growth in porous
alumina assisted by the electrodeposited nickel nanodots shows promise for field
emission display applications. We also demonstrate a new area of application for ordered
metal-filled porous alumina templates by chemical functionalization of the metal surface.
10.2 Electrochemical synthesis: Challenges and
Methods
The electrochemical deposition of metals inside the pores of alumina requires addressing
the following processing challenges mainly due to the morphology of the porous alumina.
1. As the porous alumina is electrically insulating, a conducting seed layer is
needed at the bottom of the pores. This conducting layer can be the aluminum
layer below the barrier oxide or a metallic film (for e.g. Au, Pt, Cu) deposited
prior or post anodization. This conducting layer however cannot be exposed
to the anodization process as it leads to dissolution of the conducting layer or
oxygen bubble formation, thereby causing non-uniformity during subsequent
electrochemical filling of the pores.
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2. The porous alumina has a closed end and the barrier oxide thickness is
proportional to the applied potential. As the electric fields during
electrochemical deposition is much lower compared to the anodization
process, a transport path is needed for the metal ions to reach the underlying
substrate/conducting layer. Hence selective or homogeneous thinning of the
barrier oxide layer is necessary prior to electrochemical filling of the pores.
3. If the end use requires separating the metal nanowires from the template, the
conducting layer should be chosen such that selective removal is possible
after the electrodeposition process.
Various solutions have been proposed and successfully demonstrated by others
[ROUT, 96], [NIEL, 00]. Routkevitch et al [ROUT, 96] presented an excellent overview
and a sketch of the various chemical and electrochemical processing methods using
porous alumina and is shown in Fig. 10-1. For electrochemical filling of locally ordered
porous alumina, we have separated the porous alumina membrane from the aluminum by
selectively etching the aluminum using CuCh + HCI + H20 mixture (refer to chapter 3).
The barrier oxide was then etched by exposing the closed end of the pores (the front-side
protected by enamel) to 5% H3P04 solution at 30C. For PAA prepared using O.3M oxalic
acid solution at 40V, complete removal of barrier oxide took", 1 'li hours and for PAA
samples prepared using phosphoric acid solution at 195V, the time to etch was", 5 hours.
5nm Ti/200nm Pt or 5nm Ti/200nm Au was sputtered on one side of the porous alumina
and used as a seed layer for electrodeposition of copper and nickel. The backside of the
seed layer was coated with enamel to prevent direct electroplating outside the pores.
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Fig. 10-1 Processing steps in the fabrication ofnanostructures using porous alumina (as
shown by Routkevich et al)
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In the case of ordered porous alumina on silicon, the anodization was carried until
complete oxidation of the aluminum film indicated by a slight increase in current. This
increas~~ in current is due to the first leakage path created between the oxide and the
conducting seed layer. If the increasing current is not controlled, bubble formation lead to
microcracks in the oxide. When the current increased by 2% from its steady state value,
the applied potential is stepped down continuously down to 2V. As the barrier oxide
thickness depends on the applied potential, this leads to the thinning of the oxide. Any
remaining oxide was removed by etching in 5% H3P04 for 15 min at room temperature
which resulted only in a minor increase in pore size «5%).
Nickel was electroplated from Watts bath (containing 300 giL NiS04.6H20, 45
giL NiCI2.6H20, 45 giL H3B03, pH 4.5) using platinum as anode at room temperature.
Copper was electroplated from a sulfuric acid and copper sulfate based solution obtained
from Enthone Inc. (CUBATH SC). It contains 250 giL of copper sulfate (63 gIL of
equivalent copper, pH 2). The anodes used are 99.99% pure copper with 0.04 to 0.06%
phosphorous. In the case of copper plating, the effect of organic additives (Iml/litre, also
obtained from Enthone Inc.) on the morphology were also studied.
Both DC and pulse potential techniques were used to improve the uniformity of
the fill rate. For nanowires growth, the current was monitored and the plating was
stopped, when the nanowires reach the top of the porous alumina surface indicated by an
increase in the current due to an increase in surface area. The excess or overgrown wires
were removed by Ar ion-milling (GATAN ion miller) at low incidence angle. For nickel
nanodots:l samples were prepared by plating for different times (~40-1OOs) to ensure
nucleation and complete coverage of nickel at the bottom of the pores.
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Fig. 10-2 Barrier thinning by gradual decrease of applied voltage after
complete anodic oxidation of aluminum film. Current control was
switched to voltage control when the current started to increase due to
low-resistance pathways between the barrier oxide and the gold seed
















0 10000 20000 30000 40000
Time (seconds)
Fig. 10-3 Electrochemical filling of free standing alumina membranes
in copper sulfate solution (pH~2) at a cathodic potential ~100mV with
respect to a copper reference electrode. Three stages of growth: I -
Initial current decay due to transient diffusion process; II - constant
diffusion limited growth; III - rising current due to nanowires reaching
the top
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10.3 Results and discussions
Fig. 10··2 shows the anodization potential during the barrier oxide thinning process. Fig.
10-3 shows a typical current transient during the electrochemical growth ofnanowires. In
all the cases, the initial spike in current (within 1 second) is due to the double-layer
charging processes occurring at the metal-solution interface. There are three distinct
regimes: I - Initial current decay due to transient diffusion process; II - constant diffusion
limited growth ; III - rising current due to nanowires reaching the top surface of the PAA
template. At long times, the current reaches a steady state value that corresponds to
growth on a continuous metal film covering the entire surface of porous alumina. The
growth morphology of the wires after emerging from the pores was tracked by electron
microscopy imaging. It has been reported earlier that hemispherical caps form when the
wires grow out of the porous alumina if the metal nanowires are polycrystalline and
highly faceted structures are seen when the nanowires are single-crystalline. Though,
more detailed kinetic and transport studies are required to understand the electrochemical
deposition inside the pores of alumina, we summarize the following observations.
1. For dc cathodic potentials greater than or equal to 200mV (reference to
a copper electrode) and in copper plating solution with additives,
hemispherical caps were always seen when the nanowires grow out of
the porous alumina for all pore sizes greater than 80nm. (Fig. 10-4 (a))
2.. For pore diameters smaller than 80nm and applied potentials less than
200mV, cubic and pyramid structures formed on the surface after
complete filling of the pores. In some cases, the faceted structures
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indicating the single crystallinity of nanowires were seen for both
electrodeposition with and without additives. (see Fig 10.20 (b))
3. For pore diameters greater than 200nm, hemispherical caps were always
seen when copper was electroplated from solution containing additives
and rough and dendrite-like features grew when no additives were used.
(Fig. 10-5 (a) and (b))
4. Pulse plating (lOOmV, 3msec on, 10msec off) led to more uniform
growth rate due to reduced mass transfer limitations. Pulse plating also
lead to dramatic change in microstructure. When the nanowires
emerged from the pores, the overgrown copper was strongly faceted
compared to the dc potential case.
Previous modeling studies [KRIS, 05] have shown that the e1ectrodeposition
process is unstable to small perturbations at all input currents/voltages without the
presence of additives. Krishnan et al [KRIS, 05] showed that the critical wavelength for
instability depends on the surface tension of the solid-liquid interface (stabilizing) and the
concentration and potential gradients (destabilizing) that varies with the bulk
concentration and the applied potential/current. They further derived an analytical
expression for the critical wavelength and concluded that confined growth in sub-micron
dimensions can lead to a stable and flat interface if the geometry is smaller than the
critical wavelength for a given applied potential and concentration. Our experimental
observations of the morphology can hence be explained by the effect of confined growth
although more detailed study is required to quantitatively relate the critical wavelength to
the geometry as well as extract surface tension values from experiments. We present a
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Fig. 10-4 SEM images showing the morphology of the electrodeposited copper after reaching
the top surface of porous alumina. (a) Hemispherical caps are seen in the case ofhigh applied
potential (200mV) with additives. (b) Faceted features are seen in the case of low applied
potential (100mV) with no additives and pore diameter 80nm. Inset on the left shows a
pyramid-shaped feature and the on the right, cubic-shaped copper nanoparticle is seen.
Fig. 10-5 SEM images showing the morphology of the electrodeposited copper in 200nm
diameter pores after reaching the top surface of porous alumina. (a) Hemispherical caps are
seen in the case of deposition with additives (lml). (b) Rough growth is seen in the case of
deposition without additives. Applied potential for both the cases is 200mV
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qualitative map for the morphology dependence on the pore diameter and current
density/applied potential as shown in Fig. 10-6 from our experimental observations.
Though, the nanowires emerge from the pores at different leading to the non-
uniformity in Fig. 10-4 and 10-5, ion milling can be used to remove the non-uniform
overgrowth. As seen from the SEM image of ion-milled samples (Fig. 10-7), the degree
of filling is nearly 100% for free standing alumina membranes. For ordered porous
alumina templates on silicon, the filling degree is high as seen from as-deposited SEM
images (Fig. 10-8), however the nanorods have varying heights due to variations in
growth rate between pores. The non-uniformity in growth rate is believed to be due to the
non-uniformity in the barrier oxide thickness and more process optimization and kinetic
studies during electrodeposition is needed to improve the uniformity of fill rate.
10.4 Applications
10.4.1 CNT based field-emission displays
The need for ordered and aligned carbon nanotubes has been clearly enunciated in the
earlier section of this chapter. For applications such as sensors and field emission
displays that use ordered and aligned carbon nanotubes as electrodes, it is also important
to develop techniques for contacting the nanotubes to a conducting substrate that acts as a
current collector/supplier. Here we show the use of electrochemical deposition technique
to obtain ordered nickel nanodots and growth of carbon nanotubes catalyzed by the nickel
nanodots. We also present preliminary field emission measurements and compare the
results to CNTs grown without porous templates. This work was performed in
collaboration with Prof. Choi and graduate student, Hung Nguyen at the National
University of Singapore, Singapore.
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Fig. 10-6 Qualitative maps for the morphology ofelectrodeposited metals as a
function ofpore diameter, inhibition and applied potential/current.
Fig. 10-7 Locally-ordered free-standing porous filled with copper nanowires
shown after ion-milling the surface.
Fig. 10-8 SEM images of as-deposited copper nanorods in ordered porous alumina
templates on silicon (a) Hexagonal symmetry, 80nm diameter, 180nm spacing (b)
Square symmetry, 90nm diameter, 200nm spacing. (b) is a back scattered electron
Image.
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By using the techniques described in the previous section, nickel nanodots were
electroplated at the bottom of the pores using Au as the conducting seed layer. Carbon
nanotubes were grown using thermal CVD at 750c with a C2H2:H2 of 80:20 gas mixture
for 45 seconds. SEM images (Figs. 10-9 (a) & (b)) of tubes emerging from the pores
indicate that in many cases, there is more than 1 tube per pore (Figs. 10-9 (c) & (d)).
Unlike the case of CNTs grown by PECVD, there a multiple tubes per pore seen even
after ion milling. This may be due to kinetics of the nanotube growth process using
thermal CVD or due to the reaction of the nickel catalyst with the gold film at elevated
temperatures and requires more study. While multiple tubes are not desirable for sensor
applications (where the signal to noise ratio is dependent on the measurement of the
precise active area of the electrode), CNT bundles in each pore can have potential
applications in CNT based interconnect via technology for advanced microelectronics.
The high density of CNTs per via can reduce the effective resistance as the quantum
resistance due to nanotubes in a single via are in parallel [SRIV, 04].
Another area of application that has increasingly received attention is the CNT
based field emission based flat panel displays [CHENG2, 03]. Due to the advantage in
geometrical structure and the electrical properties, carbon nanotubes are considered to be
good field emitters. It is well known that the field emission current from densely packed
nanotubes that randomly point in all directions (as is the case for most thermal CVD
growth of nanotubes) is significantly reduced by the screening effects [CHEN, 03].
Porous alumina can act as a scaffold to support and align the nanotubes and also reduce
the screening effect. Though the porous alumina - CNT array prepared from
electrochemically deposited nanodots had multiple tubes per pore, the tum-on electric
242
Fig. 10-9 SEM images of CNTs grown in ordered porous alumina using electrodeposited
nickel as catalyst. (a) and (b) are images of as-grown CNTs. (c) and (d) are images ofCNTs
in porous alumina after ion-milling to remove the over-grown CNTs. Multiple tubes are
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Fig. 10-10 Field-emission characteristics ofCNTs grown on (a) flat substrates (b) ordered
porous alumina templates. The tum-on electric field in the case of CNTs in ordered porous
alumina template is 50% lower than in the case of CNTs grown on flat substrates due to
screening effect (Measurements by Hung Nguyen).
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field is significantly lower (3Vfum vs. 6Vfum) compared to the case with nanotubes
grown on a flat substrate with no template (Fig. 10-10). Further detailed studies on the
effect of porous template on the field emission current measurements characteristics are
underway.
These results demonstrate that ordered CNT arrays fabricated from
electrochemically prepared nanodots can act as electrodes for field emission displays
with evenly distributed tubes in terms of shape, length and size and henceforth emission
uniformity.
10.4.2 Nano-breadboards: Chemical functionalization of metal-
filled alumina templates by Dip-pen nanolithography
As we explore and discover new nanomaterials to achieve new chemical, biological and
electronic functions, versatile and scalable approaches to direct the assembly of
nanomaterials are needed. Nano-scale ordering and placement of nanomaterials such as
nanowires and rods can be achieved by two key scientific approaches namely the
templated self-assembly [HUIE, 03], [TSEN, 05] and chemically-directed assembly
[BARS, 04]. Here we demonstrate a new technique that combines both templated self-
assembly and chemically-directed assembly to order, interconnect and functionalize a
wide range of materials including biological, metallic, semiconductor and inorganic
materials.
Chemically-directed assembly is an approach by which a nanomaterial can be
assembled on a surface by selective functionalization of the surface or the nanomaterial.
This functionalization helps to attract the nanomaterial to a specific surface. The
chemical binding between the nanomaterial and the surface can be made reversible to
separate the nanomaterial and the surface if necessary. The binding could also provide a
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new functionality to the surface that helps to bind another nanomaterial and thus can
provide a pathway for step-by-step functionalization of a variety ofnanomaterials. Metals
are examples of such surfaces and nanowires with coated ligand molecules are examples
of such nanomaterials.
This sequential arrangement of a system of materials with different functionalities
can be performed beginning with ordered porous alumina prepared by templated self-
assembly. The porous alumina thus becomes the nano-breadboard in which a variety of
nanomaterials can be grown, functionalized and replaced in a sequential manner. A
schematic of this approach is shown in Fig. 10-11. We demonstrate the feasibility of this
new and powerful approach by using porous alumina templates filled with metallic
nanowires. The experiments involving DPL were performed in collaboration with Prof.
Francesco Stellacci and Robert Barsotti of the Massachusetts Inst. of Tech., USA.
Nickel and copper nanowires embedded in porous alumina were fabricated by
electrodeposition and ion-milling was carried out to remove the excess metal grown out
of the pores of alumina as described in the earlier part of the section.
Thiolated molecules form self-assembled monolayers (SAMs) when coated on
metal surfaces and have been extensively studied [BAIN, 89]. Both the surfaces of nickel
and copper nanowires can be selectively covered with SAMs as there is no chemical
bonding between the SAM and alumina. Any physisorption of thiol molecules on
alumina can be removed by rinsing the sample with water after coating the surfaces of
nanowires with SAMs. We have used dip pen nanolithography, a technique developed by
Mirkin and coworkers [PINE, 99] to selectively coat submicron areas of the porous












as a 'switchboard' for nano
devices and connections.
Fig. 10-11 Schematic of the bottom-up assembly of nanostructures using porous
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by 1-octadecanethiol (ODT) .
Fig. 10-12 Selective activation of nickel filled porous alumina templates by dip-pen
nanolithography. aDT was used as the organic ink. The thiol molecules form a SAM which
shows as a contrast in friction image (AFM analysis by Robert Barsotti).
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tool. Octadecanethiol was used as the organic thiol containing molecule and ODT was
first adsorbed onto contact-mode AFM tips using a vapor-deposition method [HONG,
99]. The tip was brought into contact with porous alumina-nanowire surface. The transfer
of molecules from the tip to the surface occurs by diffusion through a water meniscus that
forms at the tip-substrate interface.
Fig. 10-12 shows friction image of a rectangular box written using an AFM tip
coated with ODT. The rectangular box appears as high friction compared to the
surrounding uncoated surface due to the thiolated molecules transferred onto the surface
[BARS, 04]. Thus, we have successfully activated a specific area or a set of nanowires
surfaces with ODT. This feasibility demonstration provides a new experimental pathway
for fabricating and functionalizing nanomaterials by chemically directed assembly.
The metallic nanowires can also be released after templated growth by
preferentially dissolving the porous alumina structure. These wires can then be
chemically treated to surround with ligands for chemically-directed assembly of metal
nanowires on metal-filled porous alumina nano-breadboards. Thus, this approach using
porous alumina templates as a breadboard can integrate hierarchically a complex system
ofmaterials and technologies in a single unit.
10.5 Summary
In summary, we have used the electrochemical technique to grow nanodots, nanowires
and rods inside the pores of alumina. The nanodots act as catalyst for ordered and aligned
growth of nanotubes and shows promise for field emission applications. We also
demonstrated the feasibility of functionalizing the nanowires surfaces for fabricating




Fabrication of Ordered Metallic
Nanodots by Solid-state Dewetting
of Metallic films on Porous AAO
11.1 Introduction
Metallic nanoparticles exhibit unique SIze dependent optical, electrical, magnetic,
physical and chemical properties that have led to applications in the area of plasmonic
waveguides, magnetic storage, biology and medicine [BURD, 05]. Numerous chemical
methods including gas phase synthesis, electrochemical deposition and colloidal
synthesis have been reported [MASA, 04]. One of the most challenging problems is the
controlled synthesis of monodisperse nanoparticles and the placement of the
nanoparticles at desired locations. A common method of dewetting a thin solid metal film
to produce nanoparticles for catalyzed semiconductor and carbon nanotube growth leads
to a wide variation in particle size, shape and morphology. Recently, Giermann and
Thompson [GIER, 05] showed that metal thin films dewetted on substrates with
lithographically defined topography lead to templated self-assembly of monodisperse
nanoparticles with uniform crystallographic orientation. Here, we show a similar effect of
topography on the dewetting of metallic thin films deposited on porous alumina
249
templates. Porous alumina templates provide a unique advantage as no lithographic
patterning is required to create geometries with periodic topography.
The dewetting studies were performed in collaboration with graduate student,
Rajappa Tadepalli of Prof. Carl Thompson's group at the Massachusetts Institute of
technology, USA.
11.2 Physics of solid-state dewetting of thin films
Dewetting of polycrystalline thin films is initiated by through thickness holes formed by
thermal grooving at grain boundary triple junctions at elevated temperatures [JIRA, 92].
The perimeter of the hole develops a rim that is unstable to small perturbations (Rayleigh
instability of cylinders), and hence forms beads of nanopartic1es. Giermann and
Thompson [GIER, 05] showed that dewetting of films deposited on substrates with
periodic topography whose length scales are comparable or smaller than the Rayleigh
instability wavelength of instabilities on a flat substrate led to ordered nanopartic1es due
to curvature enhanced chemical potential gradients caused by topography (Fig. 11-1).
Thus we can use the topography to initiate as well as alter the critical instability
wavelength.
11.3 Experimental details
Free standing porous alumina membranes (--20-30um) with pore diameters of 35nm and
160nm and pore spacings of 105nm and 500nm respectively were prepared using
anodization of aluminum discs as described in chapter 3. Both the front and back side of
the free standing porous alumina have periodic topography as seen from the AFM and
SEM images (Figs 3-5 & 3-6, Chapter 3) and were used as substrates for dewetting
experiments. Nickel films (200A) were deposited using electron beam evaporation
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Fig. 11-1 Effect of topography on the dewetting process (Pictures taken from Giermann
et aI, 2005 [GIER, 05]. Curvature drives the mass transport to the pits during the dewetting
process.
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technique. The base pressure was below 2 x 10-6 Torr and all samples were mounted and
evaporated in a single run to reduce the effect of film growth variations on the
agglomeration. Thickness variations were only observed at the sample edge where it was
clamped during deposition. PAA coated samples were annealed at 700C in a reducing gas
atmosphere (95% N2, 5% H2, 100sccm) for 2 hours to ensure complete dewetting of
nickel films. The resulting particles were observed using a scanning electron microscope
with a field emission gun (leol 6320FV).
11.4 Results and Discussion
The effect of the underlying topography on the particle size, shape and position are
shown in Figs 11-2 - 11-6. From the images, we observe changes in the morphology of
the nanoparticles both due to the effect of geometry (spacing, curvature) and the film
thickness. For comparison, an image of the nanoparticles obtained by dewetting of 200A
nickel film on flat substrate (silicon oxide coated silicon) is also shown (Fig. 11-2). The
average particle size on flat substrate is ~200-250nm. In comparison with dewetting on
flat substrates, the nanoparticles formed on PAA are much smaller. This decrease in
particle size has also been observed by Giermann and Thompson [GIER, 05] on
lithographically created templates. For films dewetted on the front side ofPAA with open
pores, the nanoparticles are disordered for both pore diameters. However, the particle
size distribution seems to be bimodal and there is also a tendency for the larger particles
to form between the pore arrays as shown by the arrow marks in Fig. 11-3 (b). Both these
effects may be due to the presence ofpores as well as the non-uniformity in the local film
thickness between the mouth of the pore (encircled A in fig. 11-3 (b)) and the bisector of
the triangle formed by three nearest pores (encircled B). Curvature effects are negligible
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Fig. 11-2 Dewetting of200 A nickel film on flat Si02 substrates. The average resulting
particle size is 200-250nm (SEM imaging by Rajappa Tadepalli).
Fig. 11-3 Dewetting of 200A nickel film on the front-side of porous alumina
templates (with open pores). Porous alumina templates with pore diameter (a) 35nm
(b) 160nm. (SEM imaging by Rajappa Tadepalli).
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Fig. 11-4 Dewetting of 200A nickel film on the back-side of porous alumina
templates (closed pores). Porous alumina templates with pore diameter (a) 35nm
(b) 160nm. The average resulting particle size is .....-10Onm.
Fig. 11-5 Dewetting of films much thinner than 200A (due to shadow effect) on
the back-side of porous alumina templates (closed pores). Porous alumina
templates with pore diameter (a) 35nm (b) 16Onm. The average resulting particle
size is -70nm.
Fig. 11-6 Oblique view of the particles shown in Fig. 11-4 (b). (SEM image taken
by Rajappa Tadepalli)
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on the front side of PAA with open pores due to the small differences in curvature.
Dewetting of films on the backside of porous alumina templates with barrier layer
led to interesting morphologies of nanoparticles as well as template-induced ordering.
Films deposited near the clamp are thinner due to shadow effect compared to films in the
center of the sample and hence showed morphology changes due to the film thickness
effect. As explained by Giermann and Thompson [THOM, 05], the different
morphologies are a result of competition between grain-boundary grooving induced
dewetting process and topography-induced dewetting process.
First, we consider the films of average thickness -200A. Random particle arrays
are formed on the porous alumina samples with 35nm pore diameter and the particles do
not interact with the underlying substrate (Fig. 11-4 (a». For the case of porous alumina
sample with 160nm pore diameter, single particles with - 1OOnm diameter formed on the
humps of the barrier oxide and multiple nanoparticles of diameter <20nm decorated the
perimeter of the humps as well as at the valleys (lowest points in the oxide) (Fig. 11-4
(b». This interesting result is in contrast to the observations made by Giermann and
Thompson [GIER, 05]. In their case, they observed the nanoparticles to order in the pits.
We suggest a plausible reason for this difference. The nanoparticles size, shape and
position not only depend on the grain boundary grooving and topography but also on the
equilibrium contact angle between the substrate and the nanoparticles. The equilibrium
contact angle depends on the surface and interface energies of the film and the substrate.
In our case, the humps on the oxide can accommodate any contact angle for a given
particle size and hence may be thermodynamically favored compared to the valleys
where formation of larger particles may not be favored. This could explain the presence
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of small particles at the valleys and ordered large particles at the humps.
Next, we consider dewetting of films considerably than 200A due to the shadow
effect during e-beam evaporation. In this case, the substrate topography of porous
alumina templates with 35nm pore diameter and the relative film thickness are such that
the template-induced dewetting dominates compared to the grain-boundary grooving
induced dewetting and results in the formation of ordered and mono-disperse
nanoparticles of diameter --70nm (Fig. 11-5 (a)). For PAA samples with 160nm diameter
(Fig. 11-5 (b)), multiple and randomly spaced nanoparticles are formed on all areas as the
curvature is lower compared to the case of 35nm pore diameter, thus the grain-boundary
grooving induced dewetting dominates compared to the template-induced dewetting. Fig.
11-6 shows an oblique angle view of the nanoparticles and their positions.
11.5 Summary and Conclusions
In summary, dewetting of thin films can be controlled by porous templates. The
curvature, topography of the substrate, relative film thickness as well as the contact angle
of nanoparticles strongly influence the morphology and ordering of nanoparticles. The
porous alumina templates provides an excellent platform for understanding the physics of
dewetting as the pore spacing can be changed by anodization conditions and the pore
diameter can be changed by post anodization chemical etching. The smaller and non-
uniform particles can be selectively etched by sputtering or plasma etching to yield
monodisperse nanoparticles ordered on porous alumina. Porous alumina templates with
ordered nickel nanoparticles can be used for catalyst assisted growth of carbon nanotubes
for applications in nanoelectronics.
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Chapter 12
Summary, Conclusions and Future
Work
In this thesis, we investigated the mechanism of pore formation as well as developed new
fabrication methodologies and applications for porous alumina ordered over wafer-scale
areas. At the end of chapter 2, a number of questions were posed that formed the
motivation for this research. Experiments, analyses, and models provided answers to
most of those questions. As in any scientific accomplishment, answers lead to more
questions and future work related to the questions posed below are also discussed.
1. What are the driving forces for poreformation, growth, and ordering?
2. Is porous oxide formation a simple field-induced dissolution phenomenon, or do the
pores form due to tensile stress in the oxide as proposed earlier? How does the stress
vary with electrochemical conditions? Is the oxide under stress or is the aluminum
under stress?
The formation and ordering of pores during anodic oxidation of aluminum has
been a long-standing question and ironically only a very few experimental studies have
been undertaken to provide physical models to explain the observed phenomena. The
mechanism based on field-enhanced dissolution presented by Sullivan and Wood [SULL,
70] is flawed in that it is well-known that potential and concentration gradients lead to
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smoothening or electrochemical polishing of aluminum surfaces in other electrolytes. To
answer the mechanism of pore formation, two experimental approaches were taken. First,
the effects of applied current density and electrolyte conditions on the rate of oxidation
and dissolution reactions were studied by recording potential-time transients at fixed
current densities. The current efficiency of oxidation, the fraction ofreacted Al that forms
an oxide rather than going into solution, was observed to increase with increasing current
density at fixed electrolyte conditions. Similar trends occurred with decreasing strength
of the electrolyte at fixed current density. From the potential-time transients and the
calculated current efficiencies, the charge density for dissolution at the time of transition
from barrier type to porous type oxide was found to be independent of the current
density. The dissolution charge density is related to the number of metal vacancies
generated by the dissolution process and hence the phenomenon of pore formation is
closely related to the number of metal vacancies generated at the aluminum-oxide
interface.
As the fraction of aluminum that dissolves into solution is > 40%, the number of
vacancies generated due to the dissolution process is expected to be large and can
therefore generate a large amount of tensile stress. In the second set of experiments, we
performed ex situ stress measurements along with post-anodization etching studies and
showed that there is indeed a large tensile stress generated as a result of the anodization
process and that the stress is mostly present in the aluminum layer beneath the oxide. The
stress-thickness in the aluminum was measured as a function of applied current density
and electrolyte conditions and was observed to increase with increasing current density or
increasing current efficiency for oxidation. A plot of the pore spacing vs. stress (defined
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as the stress-thickness divided by the barrier oxide thickness) showed a power law
dependence given by dspacing a 1/ (J"2. Using an approach similar to that of Asaro and
Tiller, the thermodynamic free energy of the anodization process was shown to be related
to the elastic energy of the bulk Al and the interface energy of the metal-oxide interface.
From a linear stability analysis, the aluminum-oxide interface was found to be unstable to
all perturbations of wavelengths above a critical value for which the strain energy
dominates over the surface energy. A linear stability analysis model also predicts that the
fastest growing wavelength is related to the stress by the inverse square law and thus
matches well with the experimentally observed dependence of the pore spacing on stress.
From these results, we conclude that the pore formation process is a strain-induced
instability phenomenon. The aluminum vacancies produced as a result of the dissolution
process causes a strain in the aluminum layer adjacent to the aluminum-oxide interface
and hence the interface becomes unstable to perturbations of wavelengths larger than a
critical value due to the destabilizing effect of strain energy and the stabilizing effect of
interface energy. Thus the pore spacing of AAO is given by the fastest wavelength that
dominates over other wavelengths with time.
From the stress measurements and the linear stability model, we predicted that the
barrier layer thickness and the pore spacing increases with increasing current density or
applied potential, which is in agreement with the observed trends. A balance between
strain energy, interface energy and other stabilizing and destabilizing factors such as the
effective modulus of the oxide, potential and concentration gradients in the oxide and in
the electrolyte, electrostriction stresses and the stress-dependent mobility can lead to
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short-range ordering or self-assembly of porous alumina over certain ranges of potential
and electrolyte conditions.
Possible future work includes investigation of the role of other stabilizing and
destabilizing factors listed in Table 5-1 in chapter 5 on the self-assembly of porous
alumina. A theoretical model that relates the critical wavelength to the transport
equations and the kinetics at the metal-oxide interface should be developed from the
equations presented in chapter 5 and in the appendix. This model will help to
quantitatively relate the pore spacing to the current efficiency and total current density or
voltage. Also, experimental investigations of the effect of templating on the measured
stress can provide mechanistic details on the templated self-assembly (TSA) processes.
As templating allows for independent control the pore diameter and spacing, more insight
into the mechanism of pore diameter selection can be obtained from stress and kinetic
studies as a function of electrochemical parameters.
A model that predicts the dependence of the critical wavelength on the stress was
derived from a linear stability analysis. It would also be interesting to study the non-
linear interactions as previous non-linear analysis of instability models for deposition and
etching processes have predicted ordering due to non-linear effects.
Another possible extension of this work is to study the effect of externally applied
stress. Recently, Sulka et al [SULK, 04] showed that an externally applied tensile stress
changes the pore morphology and under high tensile stress, pore ordering is completely
destroyed. They observed pitting of aluminum indicating that the dissolution rate far
exceeds the oxidation rate at high tensile stresses. These results of Sulka et al [SULK, 04]
supports our strain-induced instability mechanism as our model also predicts an increase
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in driving force for dissolution with increasing tensile stress. An interesting experiment
would be to apply a compressive stress to aluminum by external means to find if the
wavelength of instability increases or if the instability completely disappears at high
compressive stresses.
3. Are there other methods for fabricating monodomain porous alumina over large
areas, for example, on a 12" wafer? How do we obtain pore dimensions below those
that even electron beam lithography techniques can provide, while still preserving
long range ordering?
4. How strongly are the pore size and spacing interdependent? Can we independently
control the pore size and spacing?
The second biggest accomplishment of this research was the demonstration of
unprecedented control over the diameter, spacing, and wafer-scale ordering of porous
alumina. We achieved TSA of porous alumina by patterning the underlying silicon
substrate as well as by directly patterning the aluminum film using interference
lithography and by choosing appropriate voltages that led to self-ordering with length
scales matched by the period of lithography features. A strong effect of the electrolyte on
the pore diameter was observed and found to result from the change in current efficiency
of oxidation and the water content in the oxide formed in oxalic acid. For example, pore
diameters tunable from 35nm to 90nm and aspect ratios greater than 50: 1 were obtained
by changing the electrolyte conditions while fixing the anodization voltage and the
spacing of the pores. We also reported similar effects in porous alumina fabricated from
aluminuIn foils using conventional double-anodization technique, and pores as small as
~13nm were obtained with short-range order in 0.6M sulfuric acid.
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By changing the electrolyte conditions while fixing the applied voltage, we
demonstrated, for the first time, formation of porous alumina with 3-D structures with
diameter variations (such as nanofunnels) formed in phosphoric and oxalic acid solutions.
By utilizing this TSA approach a variety of nanomaterials including nanotubes, nanorods,
nanodots and magnetic films with periodic holes have been fabricated and their size-
dependent material properties have also been studied.
Perhaps the most interesting future work in the area of TSA would be to identify
ways to start with a template with a pore spacing and size equal to the limits of
lithography and reduce the dimensions further in each templating step by combining
anodization and other techniques to guide the self-assembly to smaller length scales.
Another approach to the TSA of porous alumina is to use one self-assembly
process to guide another (Self-assembly induced self-assembly or SAlSA). Preliminary
experiments using quantum dot imprints [TABO, 05a] showed promise but ordering was
not observed due to the roughness of the aluminum film. Successful transfer of patterns
from self-assembled quantum dots using an imprint technique can lead to ordered pores
with pore spacings less than 10nm, and can thus have tremendous impact in areas such as
growth of aligned single-walled carbon nanotubes and growth of metallic thermoelectric
nanomaterials. Another example of SAlSA is the use of block copolymers to induce self-
assembly of porous alumina. As ordering in block-copolymer systems typically occurs at
length scales much smaller (~30nm) than that achievable by interference lithography, a
further decrease in pore spacing and diameter should be attainable through block co-
polymer lithography.
5. How does anodization occur in confined structures?
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'We studied the effect of confinement by patterning oxide lines on the surface of
thin films of aluminum, both at the micro and nanoscale. A strong confinement effect was
observed for 200nm and 400nm grating lines that lead to organization of I-D arrays of
nanopores. Multiple pores were seen over the width of the grating when the pore spacing
corresponding to the applied voltage was much smaller than the grating line width.
However, well ordered pores were observed at the edges of the grating lines, suggesting
strain energy non-uniformity effects at the edges. Elongated pores were observed at high
voltages, presumably due to the incomplete compensation of stress generated by the
vacancies. We also demonstrated that anodic oxidation can be used as an anisotropic
patterning technique, alternative to chemical wet etching or dry etching of aluminum, due
to the directionality of the anodization process.
Anodization of aluminum films on the exposed edges lead to lateral growth of
pores in the plane of the film. The effect of applied voltage was similar to the case of
anodization of aluminum masked using oxide gratings. The lateral anodization technique
can be guided by modulated gratings prepared by interference lithography. Successful
growth of well-ordered pores in the plane of the wafer may enable incorporation of a
variety of nanomaterials into conventional semiconductor fabrication processes, and thus
is one of the important suggested future paths for exploring applications in
nanotechnology utilizing porous alumina.
The stress-state of the aluminum film during anodic oxidation can alter the pore
formation and ordering process by changing the strain energy. We showed a strong effect
of the presence of rigid silicon oxide gratings on top of the aluminum films. Another
approach is to fabricate and anodize damascene aluminum structures as the aluminum is
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surrounded by oxide, thereby strongly affecting the stresses generated by the anodization
process. Edge effects on the stress due to strain-energy variations may lead to TSA of
ordered pores with smaller spacing than the lithographic period.
6. Lastly, are there other systems analogous to porous alumina that form self-
assembledporous structures? Are the mechanisms the same or similar?
Several other systems form pores during electrochemical oxidation, such as
porous silicon, porous titania and porous indium phosphide [CHAZ, 00]. In anodic
oxidation or etching of semiconductors, it is well-known [VALA, 95, 97], that a space
charge region containing holes is formed during the anodization process. Though we
have not done experimental studies with these systems, it is conceivable that stresses may
be generated by similar mechanisms as proposed in this thesis and therefore can lead to
the formation of pores. A careful study comparing the various pore-forming systems will
help to better understand if there is a unified theory for pore formation and ordering
during anodic oxidation of metals and semiconductors.
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Appendix A
Transport and Kinetic Models for
Anodic Oxidation of Aluminum
In this appendix, we present transport and kinetic models related to the anodic oxidation
of aluminum. We first derive equations that describe the transport and kinetics of oxide
growth in the absence of stress and curvature effects followed by modifications to
account for the curvature effects on the surface potential present in the system. The effect
of stress on the kinetics at the metal-oxide and oxide-electrolyte interfaces is discussed in
Appendix B ..
A.I Electrochemical transport in the oxide and electrolyte
The mass transport of ionic species in an electrochemical medium is governed by three
mechanisms, namely migration of charged species in an electric field, diffusion due to a
concentration gradient and convection due to the bulk motion of the medium. The flux of
electrochemical species k in the bulk is given by [NEWM, 73]
(A-I)
In the above equation, the second and the third terms on the right hand side are the usual
terms which describe motion of species in non-electrolytic systems and the second term
is given by Fick's first law of diffusion. The second term is due to a concentration
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gradient VCk (mass diffusive flux) of species k in solution and the third term describes the
flux due to motion of the fluid whose average bulk velocity is v (convective flux). The
first term represents the flux due to the movement of charged species under the influence
of an electric field -V~ (migration flux). Dk is the diffusion coefficient of species k in
solution. Zk is the number of proton charges carried by an ion (can be positive or negative)
and zkF is the charge per mole on a species. Uk is the mobility of species at temperature T,
and F is the Faradays constant.
In anodic oxidation, the transport is given by the flux equation both in the bulk of
the electrolyte as well as in the oxide. However, maj.lr differences exist between
transport in the electrolyte and in the oxide. As the transport in oxide occurs in solid
phase, the convection term is absent. Also, as the diffusion in liquid phase occurs much
faster than in the solid phase, the potential gradients and concentration gradients in
solution are relatively small. In the oxide, the high electric field drives the transport of
vacancies and interstitials. Under the high field limit, Fromhold and Cook [FROM, 66,
67, 68] showed that the diffusivity and mobility are exponentially dependent on the
electric field.
The current density i in an electrolytic solution, which is due to the motion of
charged species, is the sum of flux of charged species multiplied by its charge per mole
and is given by
(A-2)
The material balance for any species neglecting any generation/consumption of
species in the bulk requires that
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(A-3)
Other conservation laws include momentum and energy balances; however in a
well-stirred electrolyte under isothermal conditions, we limit our discussion to
conservation of mass.
The electric field in solution is related to the space charge density by Poissons
equation, which, for a medium of a uniform dielectric constant, is given by [NEWM, 73]
(A-4)
E is the permittivity or the dielectric constant of the electrolytic medium. The
assumption of electroneutrality (absence of space charge) is generally valid in the
electrolyte. However, in the oxide, vacancies and interstitials present can create a space
charge. The electric field due to space charge is however much smaller than the external
electric field.
The boundary equations involve overall jl mp mass and individual species jlmp
balances at both the electrodes. The jlmp ba lance for a phase interface, represented by a
singular surface when all interfacial effects are neglected is shown by [SLAT, 72] to be:
[ ( ,)]PhaSel [( )]PhaSe2n. p(v-u) = n. p(v-u) (Overalljlmp mass balance) (A-5)
[ ( )]phaSel [ ( )]phaSe2n. nk - Pk u = n. nk - Pk u (Species jlmp balance) (A-6)
where the superscript denotes the phase and subscript denotes the species. n represents
the unit normal vector and points from the electrode into the solution. n k is the flux of
species k in Inass units, p is the density of solution and Pk is the density of species k and
is given by Pk = Mkck where Mkdenotes the molecular weight of species k. u is the
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interfacial growth velocity1. Equations are valid both at the oxide-electrolyte interface
and the metal-oxide interface anode and the cathode. However, the appropriate D, v, U, p,
Pk must be used.
A.2 Electrochemical kinetics at the metal-oxide and oxide-
electrolyte interfaces
Consider an electrochemical oxidation reaction 2 gIven by D ¢::> Az+ -te . The
electrochemical reactions involving vacancies and interstitials were presented in Chapter
2. The net normal current density at the metal-oxide interface, is related to the potential
difference (t1iP) across the interface by the well-known Butler-Volmer (B.V) equation
(A-7)
where kc ' kc are kinetic constants for the forward and reverse reactions; CA and CD are
concentration values at the interface and F is the faraday's constant. The term iiu and tic
are related to the fraction of energy barrier that has to be overcome for the
electrochemical reaction to occur and is commonly termed as the transfer coefficients for
forward and reverse reactions. The kinetics at the oxide-electrolyte can also be described
similarly considering the potential difference between the oxide and electrolyte.
The current density is related to the normal interface velocity (u.n) by faraday's
law and is expressed as
(A-8)
1 Though u does not have any meaning and only the nonnal growth speed is defined, for mathematical
convenience, the notation u is introduced.
2 At the platinum cathode, hydrogen evolution occurs during anodization. However, the potential drop is
negligible compared to the anode as electrodes such as platinum are excellent catalysts for electrochemical
reduction of hydrogen.
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The reaction rate of aluminum oxidation increases with increasing pH as the rate
is directly proportional to the concentration of OH- ions as shown in the above equation.
We reported in chapter 4 that the current efficiency for oxidation increases with
increasing applied voltage or total current density. This trend is due to the difference in
kinetic constants as well as potential drops at the metal-oxide and oxide-electrolyte
interface.
As we argued in Chapter 3, if the curvature and other effects such as stress are
neglected, the anode is generally considered stable as the potential and diffusion
gradients are higher at the crests than at the valley on a perturbed surface and any
perturbation decays with time.
The morphology of the metal-oxide and oxide-electrolyte interfaces can be
strongly affected by surface energy, elastic energy and volume expansion effects as
shown below.
A.3 Curvature effects on the surface potential
The total surface energy per unit volume (N/m2) is equal to the surface energy y , which is
the energy per unit area (N/m), times the curvature, 2H of the solid-liquid or solid-solid
interface (m- I ). The surface energy per kg-mole is the total surface energy per unit
volume divided by the metal concentration (kg-mole/m3).
Total surface energy per unit volume = y.2H
1 M}
Surface energy per mole =y.2H. / =y.2H.-
Ps M} Ps
(A-9)
Only a fraction of the free energy needs to be overcome and the work done in
overcoming this free energy is related to the metal-solution potential. The presence of
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capillary forces affects the metal-oxide and metal-solution potential and the following
equation which relates the metal-solution potential of a rough surface to the metal-
solution potential of a flat surface is obtained from equation (A-9) [KRIS, 99].
i1¢wavy(C +,y)=i1¢jlat(cre!)+~ (CA+J- M1Y2 H
A A F ref p zF
CA+ S
(A-IO)
We have also expressed the flat potential with respect to a reference
concentration. The mean curvature is positive at a valley and negative at the crest. The
above equation tells us that the potential difference is increased at the crest compared to
the valleys due to the stabilizing effect of the surface energy.
In Appendix B, we present an introduction to stress-driven instabilities and also
discuss the effect of stress on the free energy of electrochemical reactions involved in the





The effect of stress on the morphology of a solid surface was first considered by Asaro
and Tiller [ASAR, 72] and later by Srolovitz [SROL, 89] and Grinfeld [GRIN1, 93].
Srolovitz [SROL, 89] presented a simple energetic analysis (Fig B-1) to obtain an
expression for the change in energy going from a flat surface to a square wave surface.
As seen frotTI Fig. B-1, above a critical wavelength, the square wave surface lowers the
total energy of the system compared to a flat surface and thus for large wavelengths, the
perturbation grows with time. The critical wavelength of perturbation scales as r E / (}"2 ,
where E is the modulus of the stressed solid, r is the surface energy, and (}" is the
nominal stress associated with constrained dilatation.
Asaro and Tiller [ASAR, 72] described a continuum model with surface diffusion
driven by stress and surface energy-dependent chemical potential. They showed that for a
perturbed surface (Fig. B-2), the elastic energy due to the strain in the solid pushes the
atoms from the valleys towards the crests, thus making the surface unstable and rougher.
The surface or interfacial energy on the other hand drives the atom diffusion from the











Fig. B-1 Schematic of a square wave surface profile as shown by Srolovitz
[SROL, 89]. The change in free energy compared to a flat state becomes less
than zero above a critical wavelength.
(a)
Fig. B-2 Perturbed surface of a uniformly stressed solid (Schematic by Decuzzi
and Demelio [DEeD, 03])
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the surface stable and flatter. Based on the continuum model and a linear stability
analysis, Asaro and Tiller [ASAR, 72] showed that the critical wavelength for strain-
induced instability is related to the stress by
1CEy
Acrit = --2- ,
a
with the most unstable wavelength (or the fastest growing wavelength) given by
41rEy
Afastest = 30-2 '
(B-1)
(B-2)
For wavelengths larger (smaller) than the critical wavelength, the effect of elastic
energy is larger (smaller) than the surface energy and the system becomes unstable
(stable) and the roughness grows (decays) with time.
Several modifications to the Asaro-Tiller model have been proposed to include
the effects of elastic stiffness of a thin film under stress [FREU, 93], bulk diffusion
[GRIN2, 98], evaporation-condensation reactions [SROL, 89], moving boundary and
chemical reactions [KIM2, 99], [MISB, 04] at the interface. Non-linear numerical
analysis has also been performed by Xiang and Weinan [XIAN, 02] to show evolution of
a perturbation to form a cusp-like or a cycloid surface. Spencer et al [SPEN, 93]
presented an analysis of the morphological instability of an epitaxially strained thin film
and concluded that the stiffness of the underlying substrate can stabilize the growing film
till a critical thickness is reached. Panat et al [PANA, 05] considered surface and volume
diffusion of vacancies and their effects on the instability process. Recently, a model
describing the effect of a capping layer on the stability of a growing film was proposed
by Liu and Huang [LIU4, 05] who concluded that compressive residual stress in the
capping layer can make the growing film interface more unstable to perturbations.
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B.2 Kinetically-driven instability
While Asaro and Tiller's model is based on energetically driven instability, it has been
shown in the past decade that the stress in a solid can also affect the kinetics of the
reactions occurring at the interface and thereby affect the morphology of the growing or
dissolving interface. Carter et al [CART, 98] showed that, during the crystallization of
amorphous silicon under an applied in-plane stress, the velocity of the phase boundary
increases linearly with stress. Thus, the mobility can be affected by stress. In the case of
Asaro-Tiller instability, the strain energy density is always positive for both tensile and
compressive stresses and thus stresses of both sign aids instability. However, Yu and Suo
[YU, 00] showed that the mobility depends on the sign of the stress (Fig. B-3). The
mobility and hence the reaction rate increases under tension and decreases under
compression. They argued that for a solid gaining mass under compressive stress, the
valleys have higher compressive stress and hence reduced mobility, leading to instability.
For a growing solid under tension, the valleys have higher tensile stress and thus the
interface becomes flatter over time. Other contributions to stress such as misfit strain and
stress normal to the interface due to volume expansion have also been discussed in the
past.
Discussion of all of the models and equations that relate the factors that cause
instability is beyond the scope of this thesis. In appendix A, we derived the equations
describing the reaction kinetics and transport in the absence of stress. Here, we discuss
the effect of stress on the reaction kinetics of anodic electrochemical reactions.
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Fig. B-3a Kinetically-driven instability due to a change in mobility values with
stress (Figure taken from Yu et al [YU, 00]). For a solid losing mass, tensile
stress destabilizes a flat surface. [YU, 00]
amorphous
Fig. B-3b Kinetically-driven instability due to a change in mobility values with
stress (Figure taken from Carter et al [CART, 98]). For growth under
compressive stress, the surface is unstable to small perturbations.
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B.3 Effect of stress on the reaction kinetics of
anodic oxidation and dissolution
Stresses in the growing oxide as well as the dissolving aluminum layer can be generated
due to volume expansion, vacancies produced by the oxidation and dissolution processes
as well as other growth related mechanisms such as incorporation of anionic impurities.
As discussed earlier, stresses can change the thermodynamic free energy as well as the
activation energy for the reaction at the interface. Liang and Suo [LIAN, 01] as well as
Decuzzi and Demelio [DECD, 03] recently presented an elegant analysis combining the
energetically driven instability (Asaro-Tiller) and the kinetically driven instability
(mobility dependence on stress) for a general case of a stressed-solid undergoing reaction
and is shown below.
Decuzzi and Demelio [DECD, 03] considered the rate of atom movement at the
surface from a more energetic site given by the rate equation
(B-3)
This expression is analogous to the Butler-Volmer equation (A-7) derived in
appendix A. The rate constants in equation (A-7) are directly proportional to the
activation energy G*. The rate constants are related to the atomic mobilities at the surface
and the activation energy is given by Arrhenius type relation as shown above. The
activation energy for atomic mobility is enhanced both by stress and curvature and is
related to the activation energy for a strain-free and flat surface Q* by
(B-4)
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Baij
al. and r; is the surface activation energy tensor. Note that the surface activation energy
tensor is di1ferent from the thermodynamic surface free energy change due to curvature.
The thermodynamic free energy variation for a surface undergoing chemical
reaction is given by the sum of the chemical free energy, f:,.Go ; surface energy,
(B-5)
Asaro and Tiller as well as Srolovitz also included in the above expression, a normal
pressure term -annn, however, concluded that this term is absent for a free surface with
no normal traction.
In the case of electrochemical reactions, the free energy has an additional
component related to electrochemical potential difference as shown in equation (A-7) in
the appendix.
Thus the modified Butler-Volmer equation that describes the rate of movement of
the interface includes modified kinetic constants with an activation energy given by (B-4)
and free energy given by (B-5) in addition to the electrochemical free energy (equation
A-7 in appendix) and is given by




Template-assisted growth of metal-
polymer composite nanotubes
e.l Introduction
Metallic nanotubes represent a unique class ofone dimensional nanomaterials due to their
increased surface area compared to nanowires of similar dimensions and have attracted
attention in applications that require high surface area to volume ratio including energy
storage and conversion [MART, 94], catalysis [NIWA, 02], sensors [STEI2, 02], drug
delivery [SALE, 03], [BERR, 03] and biotechnology [SOON, 00], [LEW!, 00]. The
presence of inner and outer walls on the nanotubes allows for functionalizing and
fabricating an array of 3-D devices such as field-effect transistors with high device
density [CHOI2, 04]. Additionally, by coating the inner or outer nanotube wall with
oxides, polymers, biomolecules or metals, a range of physical and chemical properties
may be realized within a single structure. A particular area of interest in our work is the
study of magnetic properties of nanotubes as multilayer magnetic nanotubes possess
unique magnetoelectronic properties due to the orientation of the multilayer. Towards this
goal, we have developed a versatile approach using porous alumina templates to fabricate
thin walled composite polymer/metal nanotubes with controlled wall-thickness
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and diameter and studied the magnetic properties of these nanostructures.
This work was performed in collaboration with Prof. Caroline Ross, Dr. Kornelius
Nielsch, Dr. Fernando Castano of the Massachusetts Institute ofTechnology, USA.
e.2 Prior work
There is an extensive literature on nanotubes made from carbon, which show a range of
electrical and mechanical properties depending on their structure. In comparison, the
literature on non-carbon nanotubes is much more limited [XIA, 03]. Fabrication of metal
oxide nanotubes including Mo02 [SATI, 97], Ah03 [SATI, 97], V205 [SPAH, 98], Ti02
[LAKS, 97], [KASU, 98], [SUBR, 01] , Si02 [NAKA, 95], [SPAH, 98], Mn02, ZnO,
W03, and C0304 [NAKA, 95] has been reported. More recently, data on functionalized
inorganic nanotubes, such as palladium, gold, and platinum [STEI, 03], [NISH, 95],
[SUN2, 03] or tellurium [MAYE, 02] nanotubes for catalytic or electronic applications,
single-crystal semiconductor nanotubes made from InGaAs/GaAs, SiGe, and GaN
[PRIN, 00], [SCHM, 01], [GOLD, 03] for nanoelectronics, and complex oxide nanotubes
such as BaTi03 [LUO, 03] with ferroelectric properties have been published. Moreover,
organic nanotubes based on a variety of polymers [MART, 94], [STEI, 02, 03], [MOON,
03], [LONG, 03] have also been synthesized, for example polymethylmethacrylate,
polystyrene, Teflon®, and conducting polymers including polypyrole and PANI.
In most cases a template-mediated fabrication process is used for the synthesis of
nanotubes. Nanotubes can be prepared by templating with sacrificial nanowires [SUBR,
01], [SUN2, 03], [GOLD, 03], viruses [SHEN, 99], or biomolecular microtubules
[MERT, 98] in solution, or by using a nanoporous template such as porous alumina or a
track-etched polymer membrane, which is then coated internally with the material of
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choice [SATI, 97], [LAKS, 97], [SUN, 03], [MAYE, 02], [STEI, 02], [MOON, 03],
[LONG, 03]. Additionally, nanotubes can be obtained by the roll-up of thin films
deposited on a sacrificial layer [PRIN, 00], [SCHM, 01] or by self-assembly [LONG, 03].
The preparation of well-ordered metallic nanotubes with controllable wall
thickness and tube diameter has presented a major synthetic challenge. Cobalt and nickel
nanotubes have been grown on biomolecular microtubules by adsorption of a Pd or Pt
catalyst followed by electroless deposition [MERT, 98]. The tobacco mosaic virus was
used as a template for the precipitation of iron oxide nanotubes [SHEN, 99]. Co and Fe
nanotubes were made by pulsed electrodeposition in track-etched membranes [TOUR,
00]. Commercially available alumina membranes have been used as templates for Ni and
Co nanotube synthesis by d.c. electrodeposition [BAa, 01, 04] with an average tube
diameter of 200 nm (±50%) and a wall thickness up to 30 nm. In another approach, metal
salts are infiltrated into alumina membranes followed by hydrogen reduction to form FePt
and Fe203 tubes [SUI, 04]. All of the above mentioned techniques exhibit limited control
of wall thickness and non-uniform pore diameter. Hence, previous works have only
reported the magnetic properties of nanotube arrays formed in disordered porous alumina
with a fixed pore diameter of .....,200 nm.
C.3 Experimental Approach
Our approach is based on the selective wetting of the walls of porous templates that
exhibit high surface energy. The technique developed by Martin and coworkers [NISH,
95] has been used to synthesize palladium and ferroelectric nanotubes by others.
On substrates that have a high surface energy, a droplet of a wetting liquid will










Fig. C-l Schematic of the polymer pore wetting process (from Steinhart et ai,
[STEI, 02]).
I 1 ( • J I ~; 1 i ~ , , j • ... ~, t ~ i\ ... , ~ i; I ;
.. I .' : 1, I ! I 'J • ~',
,j ..., r . J 1 _ ~ , ~ , " '. I , l r .. 1 , ., t~ •









Fig. C-2 Schematic of the synthesis of polymer-metal nanotubes by pore wetting
process (Nielsch et ai, [NIEL, 05]). a) Infiltration of the metal-impregnated polymer,
preferential wetting occurs b) Polymer-metal composite nanotube formation by
chemical reduction of organometallics; porous alumina catalyzes the reduction reaction
at the polymer-alumina interface along the pore walls c) Removal of polymer by thermal
degradation/chemical etching to form metallic nanotubes
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system. This phenomenon has been reported even for liquid polYmers with high
molecular weight [LEGE, 88]. When the polYmer is placed on a porous template above
its glass-transition temperature, the polymer wets the pores before complete filling due to
stronger adhesive forces compared to cohesion that drives the filling process [STEI, 03]
(Fig. C··1). As the pore filling takes a longer time scale compared to pore wall wetting,
polymer nanotubes can be obtained by quenching after the pore wetting process to room
temperature.
Inorganic metal salts and organometallics can be reduced by chemical reduction
or decomposition to their metallic form. Here we have combined both techniques of
reduction/decomposition and the polYmer nanotube formation by wetting to obtain
metallic nanotubes in ordered porous templates (Fig. C-2). We have further characterized
the magnetic properties of high quality, thin-walled ferromagnetic nanotubes and
ferromagnetic/polymer composite nanotubes with well-controlled wall thickness and tube
diameters of 160nm and above.
C.4 Nanotube Synthesis
Alumina membranes with 500 nm interpore distance were fabricated by a two step
anodization process in phosphoric acid solution as described in chapter 3. Subsequently,
the alumina pores were widened from their initial diameter of about 180 nm to up to 450
nm by isotropic chemical etching in 5 wt% H3P04 for up to 3h at 30° C. The thickness of
the alumina pore structure was 50 to 100 urn.
Three different metal precursors, cobalt chloride, cobalt sulfate and cobalt
carbonyl were used to study the metal reduction and pore wetting process.
CO2(CO)8 was used as a metallo-organic precursor, which was dissolved in a
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solution of dichloromethane (CH2Ch) containing 2 to 5 wt.% polystyrene (PS) (Alfa
Aesar, M.W. 123.000) or poly-I-Iactide (PLLA, Birmingham Polymers, Birmingham,
AL, USA). The weight ratio of the metallo-organic precursor to the polymer in the
dichloromethane was varied between C= 0.4 and 10. In contrast to the synthesis of noble
metal nanotubes [STEI, 03], the preparation of the Co solutions and the infiltration
process into the alumina templates requires an inert gas atmosphere (N2 or Ar) to prevent
oxidation in air as well as to avoid exposure to the toxic precursor. By placing several
droplets of the CO2(CO)s/polymer solution on the top surface of the alumina membrane
using a microsyringe, the cylindrical pores become completely wetted by the polymer
solution. During the evaporation of the dichloromethane the formation of
CO2(CO)s/polystyrene or CO2(CO)s/poly-I-lactide nanotubes takes place at the inner
surfaces of the pores by a phase separation process. The thickness of the
polymer/precursor mixture inside the pores is in the range of 20 - 100 nm and decreases
at higher precursor concentrations. A polymer layer also forms on top of the alumina
membrane, but this was scraped and removed using a razor blade.
Subsequently, the samples were transferred to a furnace and annealed under
vacuum for 24 to 72h at 180°C.34-38 This leads to the decomposition of the metallo-
organic precursor, so that metallic Co precipitates at the polymer-alumina interface to
form a Co tube inside each pore. The decomposition of the precursor initiates
preferentially at the alumina pore walls due to reduced kinetic barrier at the walls of
porous alumina.
Cobalt chloride and sulfates containing polymer solution were also prepared in a
similar manner and other solvents including acetone were used to dissolve the salt-
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polymer mixture. An important distinction between the organometallic precursor and the
inorganic precursors is that the temperatures for reduction to cobalt are vastly different.
As the sulfates and chlorides of cobalt are reduced by hydrogen only at high
temperatures, the salt-polymer mixture was annealed in a reducing gas atmosphere (80%
N2, 20%) H2) atmosphere at 500-600°C in a tube furnace.
The alumina surface was treated by an ion milling process in order to remove any
remaining polymer and cobalt from the top alumina surface. The polymer was finally
removed from the pores using a post-annealing step (300° C). PLLA decomposes
completely within 1h, while PS required a longer heat treatment of 3 to 20h. In the case
of cobalt sulfate and chloride precursor, this post heat treatment step was not perfonned
as the reduction temperature was higher than the polymer decomposition temperature.
Alternatively, the polymer could be removed by soaking in dichloromethane at room
temperature. The metallic tubes were released from the alumina matrix by etching in 10
wt% KOH solution. Removal of the alumina could also be carried out more slowly using
dilute phosphoric acid. Electron micrographs were taken in a Zeiss Leo scanning electron
microscope after coating the samples with a thin gold layer. For transmission electron
microscopy (Philips CM20T) the Co tubes were removed from the KOH solution,
washed several times in distilled water and ethanol, and placed on copper grids with
holey carbon films. Magnetic measurements were perfonned in a DMS vibrating sample
magnetometer at room temperature. To measure the cobalt concentration, the samples
were completely dissolved in 10 ml HCI (10 wt.%) and the cobalt concentration in the
HCI solution was detennined by atomic absorption spectroscopy.
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Fig. C-3 a) & b) Scanning electron images of fractured surfaces of porous alumina
containing nanotubes grown using inorganic metal salts (cobalt chloride). The tubes
are discontinuous and contains metallic Co particles of large size can be seen inside
the pores of alumina.
Fig. C-4 SEM image of gold nanowires grown inside the porous
alumina by reduction of hydrogen chloroaurate. Porous alumina was
partially removed by KOH etching for imaging the nanowires.
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C.5 Results and Discussion
Fig. C-3 shows a cross-sectional SEM image of a sample prepared using cobalt chloride
as precursor. From the SEM images, it can be seen that the tubes are discontinuous in
most of the cases and contains metallic particles of large size inside the pores of alumina.
As described in the previous section, the inorganic salt precursor required a high
decomposition temperature well above the degradation temperature of the polymer. This
resulted in the polymer degrading even before the metallic salts were reduced to its
metallic form causing uncontrolled nucleation as well as discontinuities in the metal
nanotube walls. Hence, most of the experiments with nanotube growth and the magnetic
characterization were performed using the metalorganic precursor. However, when
inorganic metal salts were thermally reduced without polymer in AAO templates, we
observed growth of metallic nanowires in the pores of AAO. Fig. C-4 shows gold
nanowires grown using hydrogen aurochlorate as precursor. The figures were taken after
partial etch of the porous alumina template by KOH etching. The technique is similar to
that of Brenner [BREN, 56] who first showed the growth of metallic whiskers by
reduction ofmetal salts though the mechanism is still not well understood.
The morphology of the two arrays of composite PLLA/cobalt tubes (prepared
using cobalt carbonyl) embedded in an alumina membrane after the annealing process is
shown in Fig. C-5 (a, b). The Co tubes themselves are too thin to resolve, but the 40 - 70
nm thick polymer tube is clearly visible. The gap between the polymer and template seen
in Fig. C-5 (a) is believed to be a result of the thermal expansion mismatch between the
polymer and the template upon cooling from the precursor decomposition temperature of
180°C. Fig. C-5 (c) shows a similar sample after a second thermal treatment at 300°C,
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Fig. C-5 Cobalt tubes embedded in a self-ordered porous alumina template with a
interpore distance of 500 nm and a pore diameter of300 nm are shown in (a) to (c).
(a) Top-view image of an array of CobaitIPLLA composite tubes is presented with an
outer tube diameter of 300 nm. The precursor concentration of this sample was C=1.5
and the thickness of the inner PLLA layer is about 70 nm.
(b) An alumina template is shown in cross-section view with two Co/PLLA composite
tubes. In this case the precursor concentration was C=2.5 and the PLLA layer had a
thickness of 30 to 40 nm.
(c) This sample was obtained after heat treatment of the sample shown in (a). The inner
PLLA layer was removed by annealing at 300 C for 4 h under vacuum conditions. The
ultrathin cobalt tubes remain in the pores.
(d) A macaroni-like ensemble of cobalt tubes with an average tube diameter of 180 nm
is shown after removing template by KOH etch. These Co tubes were synthesized from
a PS/precursor mixture with a precursor concentration C= 2.5 at 180 C for 24 h in a self-
ordered alumina template.
(SEM imaging and analysis was performed by Komelius Nielsch)
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Fig. C-6. Transmission electron micrographs of cobalt tubes with a diameter of
180 DID (a) and 350 nm (b). The C02(CO)S concentration in the polystyrene matrix
was C= 2.48 and the synthesis was performed at 180°C for 72h. The inset shows
the electron diffraction pattern of a single hexagonal hcp-Co crystallite (b), which
is incorporated in one of the tube walls.
(TEM imaging and analysis was performed by P. Goring)
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which decomposed the PLLA to leave the Co coating the interior of the pores. A
disadvantage of thermal polymer removal is the possible presence of carbon on the
interior cobalt tube walls. As an alternative approach the inner polymer tubes can be
dissolved in dichloromethane. In Fig. C-5 (d) the alumina has also been removed to
reveal free-standing thin-walled Co tubes. From the dimensions of the nanotubes, it
appears that the nucleation of metallic Co occurs at the polymer/oxide interface, which
may be a result of catalysis of the Co nucleation by the alumina surface.
Fig.C-6 shows transmission electron micrographs of cobalt/polymer composite
tubes with a diameter of around 180 nm (a) and 350 nm (b). The inner polymer tube is
nearly transparent to the electron beam. The outer cobalt thin film in Fig. C-6 (a) consists
ofmetallic crystallites with a size of a few nanometers. The electron diffraction pattern of
the tubes is very broad and only a Co-hcp structure could be detected, with no
preferential crystallographic orientation. The formation of an oxide film on the surface
when the tubes were released from the alumina matrix may also contribute to broadening
of the diffraction pattern. On certain tube areas, particularly in the larger diameter tubes,
cobalt crystals with a diameter of up to 100 nm and a hexagonal shape can be found. The
hcp electron diffraction pattern of one large disk-like crystallite in Fig.C-6 (b) is shown in
the inset. Due to the diffraction pattern and the orientation of the crystals in the image, it
appears that these large crystals are oriented with the c-axis perpendicular to the tube
aXIS.
The major parameters controlling the thickness of the Co tubes are the
concentration of precursor in the polymer, C, and the geometry of the template. The
expected wall thickness of the tubes was calculated from the template geometry and the
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densities of precursor and polymer. For a template with interpore distance Dint, pore
diameter Dp and pore length L, if we assume complete filling of the pores by the
polymer/precursor mixture, the volume of the mixture in each pore is nLDp2/4. The
density of polystyrene and cobalt carbonyl CO2(Co)g were taken as Pps = 1.2 gjcm3 and
PCo2(CO)8 = 1.7 g/cm3 respectively, and the molecular weight of the cobalt carbonyl is
MCo2(CO)8 = 341.9 gjmol. After the carbonyl decomposition, metallic cobalt is formed
with density PCo = 8.9 gjcm3, and atomic weight Mco= 58.9 gjmol. The final weight of
cobalt in each pore was calculated based on the ratio C of the weight of cobalt carbonyl
to the weight ofpolymer:
= C·PC02(CO)8·PPS .( 2Mco J1rLD~ (1)m~ ..
C· Pps + PCo2(CO)8 M Co2(CO)8 4
The expected wall thickness of the cobalt nanotube in the pore, Dw is then given
by
D ·M ·C·p .pD
w
= P Co Co2(CO)8 PS (2).
2pco • M Co2(CO)8 • (C. PCo2(CO)8 + Pps)
The above equation is derived under the conditions Dw« Dp .
The maximum possible wall thickness for the cobalt nanotubes, Dw(max), is
obtained in the limit of C~oo, i.e. when the pores are completely filled with cobalt
carbonyl:
D ( ) Dp • M Co • PCo2(CO)8w max = (3).
2pco . M Co2(CO)8
If a polymer with a higher density is used, such as PLLA (PPLLA = 1.27 g/cm3),
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Dw(max) will increase slightly. For the case that the pores are completely filled with
cobalt carbonyl before the tube synthesis, the maximum possible wall thickness of the
tubes is given by Dw(max)= 3.3 nm and 6.6 nm for cobalt tubes with pore diameters of
180 and 400 nm, respectively. For C = 6.6 the corresponding wall thicknesses are 2.7 nm
and 5.3 nm. The wall thickness is small as a result of the large volume reduction upon
decomposition of the precursor. In our experiments, for the highest concentrations of the
metal precursor (C = 3.33 - 6.66), the electron micrographs suggest wall thicknesses of a
few nm, in agreement with the calculated values of Dw(max).
The results from the magnetic measurements are summarized below. For further
discussions, refer to the publication by Nielsch et al [NIEL, 05].
1. For low values of C, the nanotube walls are discontinuous and hence exhibit a
nanopartic1e-like behavior with similar in-plane and out-of-plane hysteresis
loops (Fig. C-7).
2. The anisotropy of in-plane and out-of plane hysteresis as well as the saturation
magnetization (per unit volume of the array of tubes) increases with C until it
reaches a plateau (Fig. C-7 and Fig. C-8). The increase in magnetization and the
out-of plane anisotropy is due to the increasing Co content and increasing wall
thickness. The trend is similar with different pore diameters; the magnetization
however increases with increasing pore diameter. The saturation in
magnetization is due to incomplete filling of the polymer before chemical
reduction.
3. The saturation magnetization for 180 nm diameter tubes from Fig. C-8 is M =
2.2 emu/cm3, an effective wall thickness of pure Co of 0.3 nm was calculated
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using saturation magnetization values of pure cobalt (Ms = 1420 emu/cm3). The
discrepancy in the wall thickness that gives rise to the measured saturation
magnetization and the calculated wall thickness is attributed to incomplete
filling of the polymer (recall that the in deriving the expression for wall
thickness, complete filling of polymer was assumed) as well as the partial
oxidation of nanotubes in atmosphere, producing a thin antiferromagnetic layer.
The oxidation effect is more pronounced for samples with thin tube walls
4. A curling mechanism is favored in the case of magnetic reversal of nanotubes
even at large diameters. The measured coercivities, 400 - 500 Oe for tube
diameters of 180 - 450 nm, compare well to the predicted nucleation field for
curling [CHAN, 94]. The cobalt nanotubes are polycrystalline and hence the net
magnetocrystalline anisotropy is small and the behavior is primarily a result of
the shape.
5. Unlike nanowires, the composite metaVpolymer tubes have a low magnetic
moment and the magnetostatic interactions between the tubes are negligible.
6. The remanence in the out-of-plane direction is approximately half of the
saturation magnetization, as a result of the magnetization tilting away from the
cylinder axis at remanence. The differences in remanent state between
nanotubes and nanowires will lead to different magnetic or magnetoresistive
behavior, and may be useful in for example, a tube-shaped high-density
recording head [KHIZ, 03].
The methods that we have demonstrated allow the fabrication of high quality


























Figure C-7 In-plane (perpendicular to tube axis) and out-of-plane (parallel to
axis) hysteresis loops for Cobalt tube arrays with an interpore distance of 500 nm
and a diameter of 180 nm. The CO2(CO)8 concentration in the polystyrene matrix
was C= 1.67,2.48 and 3.33. The synthesis was performed at 180°C for 72h. The
measured magnetization is normalized to the sample volume in cm3.
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Fig. C-8 The saturation magnetization per unit volume of the tube arrays
within the alumina template is plotted as function of the CO2(CO)s concentration
C in the polystyrene matrix for tube diameters ofDp= 180 nm (from Fig. 3) and
450 nm fabricated under identical conditions (annealed at I80aC, 72 h to form
metallic Co from the precursor).
(Magnetic measurements were performed by J. Robinson and K. Nielsch)
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be accurately controlled by the precursor concentration and the geometry of the template.
The cross-sectional shape of the tubes can also be varied by changing the template. The
Co tubes are ferromagnetic and their magnetic properties can be understood in terms of
their shape and wall thickness. It is noteworthy that in comparison with solid wires, these
tubes have very low mass and are therefore less prone to sedimentation in solution.
Composite tubes, where the density can be adjusted by varying the internal polymer
thickness, may therefore be more suitable than nanowires for applications in ferrofluids
or drug delivery.
This work suggests the possibility of the formation of complex multilayer
nanotubes by sequential precursor decomposition to create layers of different materials,
or by combining precursor decomposition with other processes such as electrodeposition.
C.6 Conclusions
Composite Co/polymer nanotubes have been produced by a template-mediated process
using porous alumina. The interior polymer layer and the template can be removed to
leave free-standing polycrystalline Co tubes with wall thicknesses of a few nm. The wall
thickness can be controlled by changing the Co precursor concentration. Magnetic
measurements indicate that the saturation magnetization and anisotropy increases with
increasing wall thickness. The anisotropy of the tubes is governed by shape anisotropy,
and the switching field of the tubes is consistent with that expected from a curling
mechanism in which the magnetization rotates within the plane of the thin Co tube wall.
Other materials such as Fe and Ni can be grown using appropriate precursors, suggesting
that complex multilayered structures can be synthesized by the template-assisted




in Ordered Magnetic Antidot
Arrays
D.I Introduction
Films containing submicron holes or "antidots" have properties very different from those
of unperforated films. In magnetic antidots, the holes introduce shape anisotropies which
allow the nucleation and movement of domain walls, the net in-plane anisotropy, and
associated properties such as magnetoresistance to be controlled. Antidot array can also
make the weak anti-localization effect more pronounced in magneto-resistive
measurements [RABI, 05]. Measurements on these structures enable insight to be gained
into the magnetic behavior of confined geometries, which is complementary to the
extensive literature on magnetic particles. The majority of work on antidot arrays has
been carried out on films with square, rectangular, or circular holes with dimensions and
spacings on the micron or half micron scale [COWB, 97a, b], [ADEY, 97], [OTEN, 98],
[LEE2, 02], [HAYD, 03, 04], [YU2, 03], [TORR, 98]. At these length scales, magnetic
imaging shows that well-defined domain structures exist. The shape anisotropy of the
holes leads to complex remanent states including periodic domain structures that depend
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on the direction of the magnetic field and the intrinsic anisotropy axis. The regions
between the holes, perpendicular to the magnetization direction, have even been proposed
as data storage domains [COWB, 97a, b], [ADEY, 97], [OTEN, 98]. Reversal occurs by
the passage of domain walls through the structure, and pinning at the antidots leads to an
enhanced coercivity compared to the unpattemed film. Micromagnetic modeling [OTEN,
98], [YU2, 00] confirms the presence of domain walls and regions with different
magnetization directions, due to the tendency of the magnetization to follow the edges of
the antidots.
D.2 Previous Work
There is relatively little published data on antidot arrays with deep submicron periodicity,
although the domain morphology differs considerably from that of larger period arrays
[HAYD, 03, 04], [YU2, 03], [JALI, 03], [GEUD, 00]. Experimentally, in this size regime
the fabrication of regular arrays of antidots requires the use of electron beam or focused
ion beam lithography, which limits the area of sample that can be made. To create larger
area samples suitable for conventional magnetometry, films can be deposited over self-
assembled porous templates, such as anodic alumina films, to form a porous metal film
[BERN, 97], [LIUI, 01], [XIAO, 02]. Porous alumina films with greatly improved pore
size control and short range order can be made using a two-step anodization process
[MASU, 95, 01], and Ni films grown onto such substrates, with 40-70 nm antidot
diameters, show higher magnetoresistance, coercivity, and remanence than continuous
films [LIU1, 01]. However, in these antidot arrays it is not possible to quantify the in-
plane anisotropy resulting from the symmetry of the array because the two-dimensional
pore array lacks long range order over distances greater than about ten times the pore
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period. Additionally, although anisotropic magnetoresistance has been reported for small
period antidot arrays [XIAO, 02], there have been no reports on giant magnetoresistive
multilayer antidot arrays.
We report here a study of the in-plane anisotropy, coercivity, and
magnetoresistance of CoFe single layer and NiFe/Cu/CoFe pseudo-spin-valve (PSV)
antidot arrays deposited on top of anodic alumina templates with,.... 200 nm periods and
square or hexagonal symmetries. The antidot arrays investigated here differ from
previous work in having long-range order over several square cm, allowing a study to be
made of the effect of array geometry on the in-plane anisotropy of the hysteresis and
magnetoresistance.
This work was performed in collaboration with Prof. Ross, Dr. Kornelius Nielsch,
Dr. Fernando Castano and 1. W. A. Robinson of the Massachusetts Institute of
Technology, USA.
D.3 Experimental Details
Porous alumina templates with hexagonal and square hole patterns with long-range order
were fabricated using the template-assisted approach detailed in chapter 6. The inverted
pyramid structures used for the templated self-assembly of porous alumina are shown in
Fig.D-l (a) and Fig.D-l (b). The hexagonal and square symmetries allow for the study of
the effect of array geometry on the in-plane anisotropy of the hysteresis and
magnetoresistance of the antidots. Magnetic CoFe(10 nm) films and CoFe(5.5 nm)/Cu (3
or 6 nm)/NiFe(6 nm) multilayers were then dc-triode-sputtered from 3-in.-diam COs4Fe16,
NisoFe2o and eu targets onto the porous alumina templates and also onto smooth
thermally oxidized (100) wafers. The base pressure was below 5 x 10-9 Torr and the
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Fig. D-l Scanning electron micrographs of the inverted pyramid square (a)
and hexagonal (b) templates etched into Si_l00-, and the square (c) and
hexagonal (d) CoFe magnetic antidot arrays with 70-nm-square pores and
80-nm-diameter pores, respectively. The insets show SEM images at higher
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Fig. D-2 a) Angular dependence of the coercivity of the CoFe square and
hexagonal antidot structures, and the results of the micromagnetic model for the
square structure.
(b) Hysteresis loops from the square CoFe antidot array for selected applied field
directions. The dashed line shows a simulated hysteresis loop for an applied field
along the 0° direction. The upper inset shows magnetoresistance curves of the
square and hexagonal CoFe antidot arrays, for a magnetic field along the 0°
direction. The simulated magnetic configuration at an applied field of 300 Oe is
depicted in the lower inset.
Magnetic measurements were performed by F. Castano and J. Robinson.
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argon pressure during growth was 1 mTorr. All samples were capped with 3 nm Cu to
prevent oxidation. The sputter guns produce an in-plane magnetic field of 20 Oe during
film growth and the templates were aligned so that this field coincided with the 0°
direction [see Figs. D-l(c) and D-l(d)]. This in situ field introduces a weak in-plane
uniaxial anisotropy in magnetic films on smooth substrates. Hysteresis loops were
measured on 5-10 mm2 samples using an alternating gradient magnetometer and a
vibrating sample magnetometer, and magnetoresistance was measured using the four-
point probe technique with contacts arranged linearly and the applied field always
parallel to the current. The sense current was 20 rnA and the arrays were measured at 10°
increments from the 0° direction to map the in-plane anisotropy.
D.4 Results and Discussion
The in-plane anisotropy, coercivity, and magnetoresistance of CoFe single layer and
NiFe/CuiCoFe pseudo-spin-valve (PSV) antidot arrays deposited on top of anodic
alumina templates with -200 nm periods and square or hexagonal sYmmetries are
depicted in Fig. D-2. A brief summary of the observations and results are listed below.
For more detailed discussions and comparison with micromagnetic simulations, the
reader is referred to the publication by Castano et al [CAST, 04].
1. Single-layer CoFe antidot arrays show strong in-plane magnetic anisotropy
which follows the symmetry of the array. (Fig. D-2) The square template, for
instance, induce well-defined fourfold anisotropy which completely mask the
growth-induced anisotropy.
2. The coercivity is largest, -200 Oe, when a magnetic field is applied along the
closest-packed direction of the pore arrays. This is attributed to the pinning at
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the antidots which leads to an enhanced coercivity compared to the unpatterned
film (Fig. D-2 (a)).
3" The remanence is highest along the magnetically harder directions (40° and
60° for the square and hexagonal arrays, respectively) and is almost constant
for other applied field directions.
4. The anisotropic magnetoresistance ratio (AMR) is 0.25% for the CoFe film
and is significantly lower for the antidot structures (0.04% and 0.020/0 for the
square and hexagonal arrays, respectively). [see inset in Fig. D-2 (b)] This
reduction in AMR can be attributed to the fact that the magnetization in the
continuous horizontal strips of the array, where most of the current flows, is
constrained to lie parallel or antiparallel to the current, and from the occurrence
of electron scattering from the antidot edges.
5. The behavior of the square CoFe array was compared to micromagnetic
simulation and excellent qualitative and quantitative agreement to the
coercivity and AMR values were observed. (Fig. D-2 (a))
6. For NiFe/Cu/CoFe antidot arrays, the giant magnetoresistance ratio of the
patterned films is of similar magnitude to that of the unpatterned film, and
shares the symmetry of the substrate. Scattering from the edges of the antidots,
plus the roughness of the film that is evident from Fig. D-I, are expected to
reduce the GMR compared to the unpatterned film, so the high GMR measured
for the antidot arrays is attributed to the predominantly parallel or antiparallel
alignment of the magnetization in the CoFe and NiFe layers within the strips of
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film parallel to the field and the current. This occurs because the magnetization
follows the edges of the antidots.
D.S Summary and Conclusions
In summary, the templated self-assembly approach has enabled the fabrication of long-
range ordered single-layer and PSV antidot arrays with periods of approximately 200 nm
and with square and hexagonal symmetries. Single layer CoFe antidot arrays show in-
plane magnetic anisotropy which follows the symmetry of the array, hysteresis behavior
in agreement with a micromagnetic model, and AMR smaller than the unpattemed film.
However, CoFe/Cu/NiFe multilayer films show a high GMR because the magnetization
directions of the two magnetic layers are constrained by the shape anisotropy of the array.
The use of large area porous alumina substrates, with geometries controlled by
templating the pore formation, allows the symmetry, magnetic hysteresis properties, and




In this appendix, process recipes used to fabricate lithographic structures for templated
self-assembly of porous alumina are presented.




Developer: CD26 / OPD262
ARC etchant: He/02
Nitride etchant: CHF3/02
Step 1: Nitride deposition by PECVD
Step 2: Spin ARC at 2.9K rpm for 60 sec and bake on hotplate at
175 C for 60 sec - thickness =--1200 A
Step 3:Spin photoresist at 2.4K rpm for 30 sec - thickness =--2000 A
Step 4:IL (Lloyds mirror setup)- to tal dose about 13 mJ (Power/dose =time)
2 exposures. 1 minute 45s/exposure for 200 nm period.
Rotate sample 90° before second exposure for square pattern.
Rotate sample 60° before second exposure for hexagonal pattern.
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Step 5: Postbake on hot plate at 110 C for 90 sec.
Develop in CD26/0PD262 for 60 sec.
Step 6:Dry etch ARC using conditions-
HeO 2 =168 sccm, 10 mTorr
DC~50V
Etch time depends on power. .......60-70 sec with the power at around 140 W
Step 7:Dry etch nitride using conditions -
CHF30 2 163 sccm, 10 mTorr
DC~50V
Etch time depends on power........120 sec with the power at around 130 W
Step 8:UV/03 clean to remove polymer residue for .......3 min.
Step 9:Wet etch silicon using 25 wt % KOH at room temperature for 4 minutes.




Developer: CD26 / OPD262
ARC etchant: He/02
Step 1: Aluminum deposition bye-beam on thermally oxidized wafers.
Step 2: Spin ARC at 2.9K rpm for 60 sec and bake on hotplate at
175 C for 60 sec - thickness =--1200 A
Step 3:Spin photoresist at 2.4K rpm for 30 sec - thickness =--2000 A
Step 4:IL (Lloyds mirror setup)- to tal dose about 13 mJ (Power/dose =time)
2 exposures, 1 minute 1Os/exposure for 180 nm period.
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Rotate sample 90° before second exposure for square pattern.
Rotate sample 60° before second exposure for hexagonal pattern.
Step 5: Postbake on hot plate at 110 C for 90 sec.
Develop in CD26/0PD262 for 60 sec.
Step 6:Dry etch ARC using conditions -
He02 =l=68 sccm, 10 mTorr
DC~50V
Etch time depends on power. ,...,60-70 sec with the power at around 140 W
Step 7:Wet etch aluminum using Transene - A aluminum etchant, 30sec
,...,20nm shallow holes in aluminum are formed.
For anisotropic etching, plasma enhanced dry etch may be used.
BCL3:40 sccm, 10 mTorr, 300 V, 30 W. (AI etch rate"'" 15 nm/min)
Before venting the chamber, passivate with
CF4:15 sccm, 30 mTorr, 200 V, 25 W, 400min, to prevent Al corrosion
Step 8:Strip ARC using EKC265 at 60°C for 30minutes. Rinse with ethanol
before rinsing with water to prevent corrosion of aluminum.
E.3 Fabrication of AI films masked by oxide gratings
For the studies shown in Chapter 7 on the effect of confinement, similar recipe as shown
above was used. However, aluminum film was capped with a 200nm thick silicon oxide.
To obtain grating structures using interference lithography, a single exposure was made
and the angle between interfering beams was varied to obtain grating with periods of
200nm, 400nm, 1urn and 2um. The exposure times for the various grating periods are
shown in Fig. E-1. For modulated gratings, a 45s 1st exposure with angle between
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interfering beams corresponding to 1urn grating period was first made. The sample was
rotated by 90° and a 45s 2nd exposure with the angle between interfering beams
corresponding to 200nm grating period was made. As the time for 2nd exposure (....A5s) is
much lower than the complete exposure time for 200nm period (""'2min), a 2um grating
with 200nm modulated sidewalls is formed.
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Fig. E-l Exposure time vs line width for Lloyds mirror interference lithography.
(Figure provided by Jihun Oh)
Micron-scale patterning of the oxide (Chapter 7) was achieved by optical
lithography using a precision mask and alignment system (EVl). A standard positive
photoresist (OCG 825-20) was spin coated on an e-beam SiOz/e-beam Al/thermal SiOz/Si
stack at ,...,3000rpm followed by a prebake at 90°C for 30min. Exposure time of ,...,2sec was
used and the photoresist was developed in OCG-934, followed by a postbake at l05C for
30min. The pattern from the photoresist was transferred to the e-beam oxide by dry
etching as discussed earlier. Recipes and standard operating procedures for micron-scale




[ADEY:, 97] A.O. Adeyeye, J. A.C. Bland, and C. Daboo, Appl. Phys. Lett. 70, 3164
(1997).
[ALAM, 04] S.M. Alam, G. C. Lip, C.V. Thompson, and D.E. Troxel, 5th International
Symposium on Quality Electronic Design (ISQED'04), 238 (2004).
[ALEX, 98] P. Alexandridis, U. Olsson, and B. Lindman, Langmuir 14, 2627 (1998).
[ALWI, 65] R.S. Alwitt and R.G. Hills, J. Electrochem. Soc. 112,974 (1965).
[ALWI, 67] R.S. Alwitt, J. Electrochem. Soc. 114,843 (1967).
[AMOR, 65] C.J. Amore and J.F. Murphy, Metal Finishing 63, 50 (1965).
[ANGE, 04] D.E. Angelescu, J.H. Waller, D.H. Adamson, P. Deshpande, S.Y. Chou,
R.A. Register, and P.M. Chaikin, Adv. Mat. 16, 1736 (2004).
[ASAR, 72] R. J. Asaro and W. A. Tiller, Metallurgical Transactions 3, 1789 (1972).
[ASOH, 01] H. Asoh, K. Nishio, M. Nakao, T. Tamamura, and H. Masuda, J.
Electrochem. Soc. 148, B152 (2001).
[AUTU, 00] K. Autumn, Y. Liang, and T. Hsieh, Nature 405,681 (2000).
[AUTU, 02] K. Autumn, M. Sitti, and Y. Liang, Proc. Nat. Acad Sci. 99, 12252 (2002).
[BA, 00] L. Ba and W.S. Li, J. Phys. D: Appl. Phys. 33, 2527 (2000).
[BAIN, 89] C. Bain, E.B. Troughton, Y.T. Tao, J. Evall, G.M. Whitesides, and R. Nuzzo,
J. Am. Chem. Soc. 111,321 (1989).
[BAO, 01] J. Bao, C. Tie, ZX u, QWu, D. Shen, and QMa,
(2001).
Adv. Mater. 13, 1631
[BAO, 04] J. Bao, ZXu, J. Hong, X. Ma, and ZLu, Scripta Mater. 50, 19 (2004).
[BARS, 04] R.J. Barsotti, M. S. OConnell, and F. Stellacci, Langmuir 20,4795 (2004).
309
[BENJ, 99] S.E. Benjamin and F.A. Khalid, Oxidation ofMetals 52, 209 (1999).
[BERN, 97] J.A. Bernard, A. Butera, H. Fujiwara, V.R. Inturi, J.D. Jarratt, TJ. Klemmer,
T.W. Scharr, and J.L. Weston, J. Appl. Phys. 81, 5467 (1997).
[BERR, 03] C.C. Berry and A.S.G. Curtis, J. Phys. D 36, R198 (2003).
[BIAN, 03] A. Bianco and M. Prato, Adv. Mater. 15, 1765 (2003).
[BIER, 02] M.J. Biercuk, M.C. Llaguno, M. Radosavljevic, J.K. Hyun, J.E. Fischer, and
A.T. Johnson, Appl. Phys. Lett. 80,2767 (2002).
[BOCC, 02] P. Bocchetta, C. Sunseri, A. Bottino, G. Capanelli, G. Chiavarotti, S. Piazza,
and F.D. (@rto, J. Appl. Electrochem. 32,977 (2002).
[BOCC, 03] P. Bocchetta, C. Sunseri, G. Chiavarotti, and F.D. (@rto, Electrochim. Acta
48,3175 (2003).
[BRAD, 66] D.H. Bradhurst and J.S.L. Leach, J. Electrochem. Soc. 113, 1245 (1966).
[BREN, 56] S.S. Brenner, The growth of whiskers by the reduction of metal salts. Acta
Metallurgica 4, 62 (1956).
[BROW, 00] S.D. M. Brown, P. Corio, A. Muracci, and M.S. Dresselhaus, Phys. Rev. B
61, R5137 (2000).
[BURD, 05] C. Burda, X.B. Chen, R. Narayanan, and M.A. EI-Sayed, Chem. Rev. 105,
1025 (2005).
[CABR, 48] N. Cabrera and N.F. Mott, Rep. Prog. Phys. 12, 163 (1948).
[CART, 98] W.B-. Carter, MJ. Aziz, and LJ. Cray, T. Kaplan, Phys. Rev. Lett. 81, 1445
(1998).
[CAST, 04] FJ. Castafi, K. Nielsch, C.A. Ross, J.W.A. Robinson, and R. Krishnan,
Appl. Phys. Lett., 85, 2872 (2004).
[CHAN, 94] C.R. Chang, C.M. Lee, and J.S. Yang, Physical Review B 50,6461 (1994).
[CHAO, 81] C.Y. Chao, L.F. Lin, and D.D. Macdonald, J. Electrochem. Soc. 128, 1187
(1981).
[CHAO, 82] C.Y. Chao, L.F. Lin, and D.D. Macdonald, J. Electrochem. Soc. 129, 1874
(1982).
310
[CHA200] J.-N. Chazalvie1, R.B. Wehrspohn, and F. Ozanam, Mat. Sci. & Eng. B69-
70, 1 (2000).
[CHENG, 03] J.Y. Cheng, C.A. Ross, E. L. Thomas, H.I. Smith, and G.J. Vancso, Adv.
Mater. 15, 1599 (2003).
[CHENG, 04] J.Y. Cheng, A.M. Mayes, and C.A. Ross, Nat. MatIs. 3, 823 (2004).
[CHENG2, 03] Y. Cheng and O. iou, C. R. Physique 4, 1021 (2003).
[CHHO:, 01] M. Chhowalla, K.B.K. Teo, C. Ducati, N.L. Rupesinghe, G.AJ.
Amaratunga, A.C. Ferrari, D. Roy, J. Robertson, and W.I. Milne J.Appl. Phys. 90,5315
(2001).
[CHIK, 04] H. Chik and J.M. Xu, Mat. Sci. and Eng. R 43,103, (2004).
[CHOI, 02] J. Choi, 1. Schilling, K. Nielsch, R. Hillebrand, M. Reiche, R. B. Wehrspohn,
and U. Grele, Mat. Res. Soc. Symp. Proc. 722, L5.2 (2002).
[CHOI, 03] 1. Choi, R.B. Wehrspohn, and U. Grele, Adv. Mater. 15, 1531 (2003).
[CHOI, 04] J. Choi, R.B. Wehrspohn, J. Lee, and U. Grele, Electrochim. Acta 49, 2645
(2004).
[CHOI2,. 04] W.B. Choi, E. Bae, D. Kang, S. Chae, B. Cheong, J. Ko, E. Lee and W.
Park, Nanotechnology 15 S512-S516 (2004).
[COWB" 97a] R.P. Cowbum, A.O. Adeyeye, and J.A.C. Bland, Appl. Phys. Lett. 70,
2309 (1997).
[COWB., 97b] R.P. Cowbum, A.O. Adeyeye, and J.A.C. Bland, J. Magn. Mater. 173, 193
(1997).
[DALT, 03] A.B. Dalton, S. Collins, E. Munoz, J.M. Razal, V.H. Ebron, J.P. Ferraris,
J.N. Coleman, B.G. Kim, and R.H. Baughman, Nature 423,703 (2003).
[DAVI, 65] J.A. Davies, B. Domeij, J.P.S. Pringle, and F. Brown, J. Electrochem. Soc.
112,675 (1965).
[DECU, 03] P. Decuzzi, and G. P. Demelio, Int. J. olSol. and Struct. 40, 729 (2003).
[DEUB, 04] M. Deubel, G. Von Freymann, M. Wegener, S. Pereira, K. Busch, and C.M.
Soukoulis, Nat. MatIs. 3,444 (2004).
[DEWA, 54] J.F. Dewald, Acta Met. 2,340 (1954).
311
[DEWA, 55] J.F. Dewald,J. Electrochem. Soc. 102, 1 (1955).
[DIGG, 69] J.W. Diggle, T.C. Downie, and C.W. Goulding, Chem. Rev. 69, 365 (1969).
[DRES, 96] M.S. Dresselhaus, G. Dresselhaus, and P.C. Eklund, Science of Fullerenes
and Carbon Nanotubes, Academic Press, New York (1996).
[DRES, 01] M.S. Dresselhaus, G. Dresselhaus, and P. Avouris, Carbon Nanotubes:
Synthesis, Properties and Applications, Springer-Verilog, Berlin (2001).
[DUAN, 00] X. Duan and C.M. Lieber, Adv. Mater. 12,298 (2000).
[FARH, 99] M. Farhoud, J. Ferrera, A.J. Lochtefeld, T.E. Murphy, M.L. Schattenberg, J.
Carter, C.A. Ross, and H.I. Smith, J. Vac. Sci. Technol. B 17, 3182 (1999).
[FEHL, 70] F.P. Fehlner and N.F. Mott, Oxid. Met. 2,59 (1970).
[FEYN, 59] R. Feynman, "Theres plenty of room at the bottom", Annual meeting ofthe
American Physical Society (1959).
[FOUR, 04] S. Foumier-Bidoz, V. Kitaev, D. Routkevitch, I. Manners, and G.A. Ozin,
Adv. Mater. 16, 2193 (2004).
[FREU, 93] L.B. Freund and F. Johndottir, J. Mech. Phys. Solids 41, 1245 (1993).
[FRIE, 04] C.A. Friesen, PhD thesis, MIT (2004).
[FROM, 66] A.T. Fromhold and E.L. Cook, Phys. Rev. Lett. 17, 1212 (1966).
[FROM, 67] A.T. Fromhold and E.L. Cook, J. Appl. Phys. 38,1546 (1967).
[FROM, 68] A.T. Fromhold and E.L. Cook, Phys. Rev. 175,877 (1968).
[FROM, 75] A.T. Fromhold, in "Stress effects and the oxidation of metals", J.V.
Cathcart, ed., pp2-74, AIME, New York (1975).
[GIER, 05] A. L. Giermann and C. V. Thompson, Appl. Phys. Lett. 86,121903 (2005).
[GILL, 03] S. P. A. Gill, Thin Sol. Films 423, 136 (2003).
[GOLD, 03] J. Goldberger, R. He, Y. Hang, S. Lee, H. Yan, H.J. Choi, and P. Yang,
Nature 422, 599 (2003).
[GOVY, 00] A. Govyadinov, P. Mardilovich, K. Novogradecz, S. Hooker, and D.
Routkevitch, MEMS-Vol. 2, ASME conference (2000).
312
[GRINl, 93] M. A. Grinfeld, J. Nonlinear Sci. 3, 35 (1993).
[GRIN2, 98] G. Grinstein, Y. Tu, and 1. Tersoff, Phys. Rev. Lett. 81,2490 (1998).
[GUED, 00] I. Guedes, N.J. .iluzec, M. Gr imsdich, V. Metlushko, P. Vavassori, B. Hic,
P. Neuzil, and R. Kumar, Phys. Rev. B 62, 11719 (2000).
[GUNT, 34] A. Guntherschulze and H. Betz, Z. Physik 92, 367 (1934).
[GUO, 04] W. Guo and D.T. Johnson, J. Crystal Growth 268 258 (2004).
[HANC, 74] P. Hancock and R.C. Hurst, "Advances in Corrosion Science and
Technology ed R. W. Staehle and M G. Fontana, Plenum press, New York (1974).
[HARK:, 66] A.C. Harkness and L. Young, Can. J. Chem. 44,2409 (1966).
[HECT, 98] L.G. Hector, D.J. Siegel, and J.B. Adams, Integration ofMaterial, Process
and Product Design: A Conference Dedicated to the 70th Birthday of Owen Richmond,
Seven Springs, PA., Oct. 18-19,39 (1998).
[HERR, 05] D.J.C. Herr, Future Fab IntI. 18, January (2005).
[HEYD, 03] L.J. Heyderman, F. Nolting, and C. <i!tmann, Appl. Phys. Lett. 83, 1797
(2003).
[HEYD, 04] L. J. Heyderman, H. H. Solak, F. Nolting, and C. J. <i!tmann, J. Appl. Phys.
95,6651 (2004).
[HOAR, 59] T.P. Hoar and N.F. Mott, J. Phys. and Chern. of Solids, 9, 97 (1959).
[HONG, 99] S.H. Hong, J. Hn, and C. A. Mirkin, Science 286, 523 (1999).
[HUIE, 03] 1.C. Huie, Smart Mater. Struct. 12, 264 (2003).
[HURL, 94] T. Hurlen and E. Gulbrandsen, Electrochim. Acta 39,2169 (1994).
[JALI, 03] M.B.A. Jalil, 1. Appl. Phys. 93, 7053 (2003).
[JESS, 98] O. Jessensky, F. Muller, and U. Gsele, Appl. Phys. Lett. 72, 1173 (1998).
[lIRA, 92] E. Jiran and C. V. Thompson, Thin Solid Films 208, 23 (1992).
[KASU, 98] T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino, and K. Niihara, Langmuir
14, 3160 (1998).
313
[KELL, 53] F. Keller, M.S. Hunter, and D.L. Robinson, J. Electrochem. Soc. 100, 411
(1953).
[KHI203] S. Khizroev, M.H. Kryd er, D. Litvinov, and D.A. Thompson, Appl. Phys.
Lett. 81,2256 (2003).
[KIM, 95] J.D. Kim, S.-I. Pyun, and R.A. Oriani, Electrochim. Acta 40, 1171 (1995).
[KIM2, 99] K. S. Kim, lA. Hurtado, and H. Tan, Phys. Rev. Lett. 83, 3872 (1999).
[KRIS, 99] R. Krishnan, M S. Thesis, University of Florida (1999).
[KRIS, 02] R. Krishnan, L.E. Johns, and R. Narayanan, Electrochim. Acta 48, 1 (2002).
[KRIS, 05] R. Krishnan, H.QNguyen, C.V. Thompson, W.K. Choi, and Y.L. Foo,
Nanotechnology 16, 841 (2005).
[LAKS, 97] B.B. Lakshmi, C.J. Patrissi, and C.R. Martin, Chem. Mater. 9,2544 (1997).
[LAND, 02] D. Landolt, J. Electrochem. Soc. 149, S9 (2002).
[LEE2, 02] D.R. Lee, Y. Choi, C.Y. Youm, J.C. Lang, D. Haskel, G. Srajer, V.
Metlushko, B. Hic, and S.D. Bader, Appl. Phys. Lett. 81,4997 (2002).
[LEE, 02] Y.T. Lee, l Park, Y.S. Choi, H. Ryu, and H.l Lee, J. Phys. Chem. B 106,
7614 (2002).
[LEGE] L. Lger, M. Erman, A.M. Guinet -Picard, D. Ausser¢ and C. Strazielle, Phys.
Rev. Lett. 60, 2390, (1988)
[LEVI, 05] H.J. Levinson, «Principles of Lithography", SPIE-International Society for
Optical Engine, 2nd edition, February (2005).
[LEWI, 00] M. Lewin, N. Carlesso, C.H. Tung, X.W. Tang, D. Cory, D.T. Scadden, and
R. Weissleder, Nature Biotechnol. 18,410 (2000).
[LI, 98] F. Li, L. lIang, R.M. Metzger, Chem. Mater. 10,2470 (1998).
[LI2, 98] A.-P. Li, F. Muller, A. Bimer, K. Nielsch, and U. GGele, J. Appl. Phys. 84,
6023 (1998).
[LI2, 00] A.-P. Li, F.MUer, and U. GGele, Electrochem. Solid-State Lett. 3,131 (2000)
[LI3, 99] l Li and C. Papadopoulos, J. M. Xu, App. Phys. Lett. 75, 367 (1999).
[LIAN, 01] J. Liang, ZSuo, Inter! Sci. 9,93 (2001).
314
[LICH, 61] E. Lichtenberger, Metalloberjlaeche 15, 38 (1961).
[LIN, 81] L.F. Lin, C. Y. Chao, and D.D. Macdonald, J. Electrochem. Soc. 128, 1194
(1981).
[LIUl, 01] C.Y. Liu, A. Datta, Y.L. Wang, Appl. Phys. Lett. 78,120 (2001).
[LIU2, 03] N.W. Liu, A. Datta, C.Y. Liu, and Y.L. Wang, Appl. Phys. Lett. 82, 1281
(2003).
[LIU3, 99] A. Liu, Y.Y. Fan, M. Liu, H.T. Cong, H.M. Cheng, and M.S. Dresselhaus,
Science 286,1127 (1999).
[LIU4, 05] H. Liu and R. Huang, J. Appl. Phys. 97, 113537 (2005).
[LONG, 03] Y. Long, ZChe n, N. Wang, Y. Ma, ZHang, L. Rang, and M. Wan, Appl.
Phys. Lett. 83, 1863 (2003).
[LOUC, 03] O.A. Louchev, T. Laude, Y. Sato, and H. Kanda, J. Chern. Phys. 118, 7622
(2003).
[LUO, 03] Y. Luo, I. Szafraniak, N.D. Z kharov, V. Nagarajan, M. Steinhart, R.B.
Wehrspohn, J.H. Wendorff, R. Ramesh, and M. Alexe, Appl. Phys. Lett. 83,440 (2003).
[MART, 94] C.R. Martin, Science, 266,1961 (1994).
[MASA, 04] O. Masala, R. Seshadri, Annu. Rev. Mater. Res. 34,41 (2004).
[MASO, 55] R. B. Mason, J. Electrochem. Soc. 102,671 (1955).
[MASU, 93] H. Masuda, K. Nishio, and N. Baba, Appl. Phys. Lett. 63,3155 (1993).
[MASU, 95] H. Masuda and K. Fukuda, Science 268, 1466 (1995).
[MASU, 96] H. Masuda and M. Satoh, Jap. J. Appl. Phys. 35, L126 (1996).
[MASU, 97a] H. Masuda, H. Yamada, M. Satoh, and H. Asoh, Appl. Phys. Lett. 71,2770
(1997).
[MASU, 97b] H. Masuda, F. Hasagawa, and S. Ono, J. Electrochem. Soc. 144, L127
(1997).
[MASU, 98] H. Masuda, K. Yada, and A. Osaka, Jap. J. Appl. Phys. 37, L1340 (1998).
[MASU, 01a] H. Masuda, K. Yasui, Y. Sakamoto, M. Nakao, T. Tamamura, and K.
Nishio, Jpn. J. Appl. Phys. 40, L1267 (2001).
315
[MASU, 01b] H. Masuda, H. Asoh, M. Watanable, K. Nishio, M. Nakao, and T.
Tamamura, Adv. Mater. 13, 189 (2001).
[MASU, 02] H. Masuda, and K. Kanezawa, K. Nishio, Chem. Lett. 1218 (2002).
[MASU, 03] H. Masuda, A. Abe, M. Nakao, A. Yokoo, T. Tamamura, and K. Nishio,
Adv. Mater. 15, 161 (2003).
[MASU, 04] H. Masuda, Y. Matsui, M. Yotsuya, F. Matsumoto, and K. Nishio, Chem.
Lett. 33, 584 (2004).
[MATT, 04] S. Matthias, F. MUer, C. Jamois, R.B. Wehrspohn and U. Gsele, Adv.
Mater. 16,2166 (2004).
[MATY, 73] E. Matyevic, A. Bell, R. Brace, and P. Mcfadyen, J. Electrochem. Soc. 120,
893 (1973).
[MAYE, 02] B. Mayers and Y. Xia, Adv. Mater. 14, 279 (2002).
[MAYY, 01] K.S. Mayya, D.I. Gittins, A.M. Dibaj, and F. Caruso, Nano Lett. 1, 727
(2001).
[MERK, 00] V.I. Merkulov, D.H. Lowndes, Y.Y. Wei, G. Eres, and E. Voelkl, App.
Phys. Lett. 76, 3556 (2000).
[MERT, 98] M. Mertig, R. Kirsch, and W. Pompe, App!. Phys. A 66, S723 (1998).
[MEYY, 03] M. Meyyappan, L. De1zeit, A. Cassell, and D. Hash, Plasma Sources Sci.
Techno!' 12, 205 (2003).
[MIKU, 01] I. Mikulskas, S. Juodkazis, R. Tomasiunas, and J.G. Dumas, Adv. Mater. 13,
1574 (2001).
[MISB, 04] C. Misbah, F. Renard, J.-P. Gratier, and K. Kassner, Geophys. Res. Lett. 31,
L06618 (2004).
[MOON, 98a] S.-M. Moon, and S.-I. PYun, J. Solid State Electrochem. 2, 156 (1998).
[MOON, 98b] S.-M. Moon and S. -I. Pyun, Electrochim. Acta 43, 3117 (1998).
[MOON2, 03] S.1. Moon and TJ. McCarthy, Macromolecules 36, 4253 (2003).
[MORA, 98] A.M. Morales and C.M. Lieber, Science 279,208 (1998).
[MaTT, 46] N. F. Mott, Trans. Faraday Soc. 43,429 (1947).
[NAKA, 95] H. Nakamura and Y. Matsui, J. Am. Chem. Soc. 117,2651 (1995).
316
[NARA, 02] R. Narayanan and L.E. Johns, Interfacial Instabilities, Pg. 245-293,
Springer-Verlag, N.Y. (2002).
[NELS, 93] J.C. Nelson and R.A. Oriani, Corrosion Sci. 34,307 (1993).
[NEWM, 73] 1. Newman, Electrochemical Systems, Prentice Hall Inc. (1973).
[NIEL, 00] K. Nielsch, F. Muller, A.P. Li, and U. Gosele, Adv. Mater. 12, 582, (2000).
[NIEL, 01] K. Nielsch, R.B. Wehrspohn, J. Barthel, J. Kirschner, U. Gsele, S.F. Fischer,
and H. KronmUer, Appl. Phys. Lett. 79, 1360 (2001).
[NIEL, 02] K. Nielsch, 1. Choi, K. Schwim, R.B. Wehrspohn, and U. Gsele, Nano Lett.
2, 677 (2002).
[NIEL, 05] K. Nielsch, F.1. Castano, C.A. Ross and R. Krishnan, J. Appl. Phys. 98, 1
(2005).
[NISH, 95] M. Nishizawa, V.P. Menon, and C.R. Martin, Science 268, 700 (1995).
[NIWA, 02] S. Niwa, M. Eswaramoorthy, J. Nair, A. Raj, N. Hoh, H. Shoji, T. Namba,
and F. Mizukami, Science 295, 105 (2002).
[NIX, 98] W.D. Nix, Thin Film Class Notes, (1998).
[NODA"00] S. Noda, K. Tomoda, N. Yamamoto, and A. Chutinan, Science, 289, 604
(2000).
[ONO, 03] S. Ono and N. Masuko, Surf. and Coatings Tech. 169-170, 139 (2003).
[ONO, 04] S. Ono, M. Saito, M. Ishiguro, and H. Asoh, J. Electrochem. Soc. 151, B473
(2004).
[OTAN, 98] Y. Otani, S. G. Kim, T. Kohda, and K. Fukamichi, IEEE Trans. Magn. 34,
1090 (1998).
[PACK, 58] A. Packer, J. Phys. Chem. 62, 1025 (1958).
[PANA, 05] R. Panat, KJ. Hsia, and D.G. Cahill, J. Appl. Phys. 97,013521 (2005).
[PARK, 92] V.P. Parkhutik and V.I. Shershulsky, J. Phys. D: Appl Phys. 25, 1258 (1992)
[PENG, 05] C.Y. Peng, C.Y. Liu, N.W. Liu, H.H. Wang, A. Datta, and Y.L. Wang, J.
Vac. Sci. Techno/. B 23, 559 (2005).
317
[PHIL, 52] H.W. Philips, Symposium on Properties of Metallic surfaces, Institute of
Metals, Monograph, 13 (1952).
[PILL, 23] N.B. Pilling and R.E. Bedworth, J. Inst. Metals 29,529 (1923).
[PINE, 99] R.D. Piner, ZJin, X. Feng, S.H. Hong, and C.A. Mirkin, Science 283, 661
(1999).
[PRIN, 00] V.Y. Prinz, V.A. Seleznev, A.K. Gutakovsky, A.V. Chehovskiy, V.V.
Preobrazhenskii, M.A. Putyato, and T.A. Gavrilova, Physica E 6, 828 (2000).
[PRIT, 92] M.D. Pritzker and T.ZFahidy, Electrochim. Acta 37, 103 (1992).
[PYUN, 96] S.-I. PYun, Mater. Lett. 27, 297 (1995).
[QAT, 97] C.F. (@te, Surf. Sci. 386, 259 (1997).
[RABI, 04] O. Rabin, PhD thesis, MIT (2004).
[REHI, 02] S.S.A. Rehim, H.H. Hassan, and M.A. Amin, J. Appl. Electrochem. 32, 1257
(2002).
[REN, 99] LF. Ren, LP. Huang, D.ZWang, J.G. Wen, J.W. Xu, J.H. Wang, L.E.
Calvet, J. Chen, J.F. Klemic, and M.A. Reed, Appl. Phys. Lett. 75, 1086 (1999).
[RIVE, 05] G. Riveros, H. Gomez, A. Cortes, R.E. Marotti, and E.A. Dalchiele, Appl.
Phys. A 81, 17 (2005).
[ROUT, 96] D. Routkevitch, A.A. Tager, l Haruyama, D. Almawlawi, M. Moskovits,
and J.M. Xu, IEEE trans. on electron devices 43, 1646 (1996).
[SACH, 92] Sachs, Cima, Williams, Brancazio and Cornie, J. Eng. Ind. - Trans. of the
ASME 114, 481 (1992).
[SAGE, 00] IF. Sage, W.B-. Carter, and M.l Aziz, Appl. Phys. Lett. 77, 516 (2000).
[SAGU, 05] C. Sagui, E. Asciutto, and C. Roland, Nano Lett. 5, 389 (2005).
[SAlT, 92] R. Saito, M. Fujita, G. Dresselhaus, and M.S. Dresselhaus, Appl. Phys. Lett.
60, 2204 (1992).
[SALE, 03] A.K. Salem, P.C. Searson, and K.W. Leong, Nat. Matis. 2,668 (2003).
[SANC, 05] A. Sanchez, H. Arribart, M. Madeleine, and G. Guille, Nat. Mat/s. 4, 277
(2005).
318
[SAND, 03] M.S. Sander and L.S. Tan, Adv. Fun. Mater. 13, 5, 393 (2003).
[SAND, 04] M.S. Sander, M.l. Cote, W. Gu, B.M. Kile, and C.P. Tripp, Adv. Mater. 16,
2052 (2004).
[SARI, 03] M. Sarikaya, C. Tamerler, A.K.-Y. Jen, K. Schulten, and F. Baneyx, Nat.
Matis. 2, 577 (2003).
[SATI, 97] B.C. Satishkumar, A. Govindaraj, E.M. Volil, L. Basumallick, and C.N.R.
Rao, J. ,Mater. Res. 12, 604 (1997).
[SCHA, 00] E. Schaffer, T.T-. Albrecht, T.P. Russell, and U. Steiner, Nature 403, 874
(2000).
[SCHA, 03] E. Schaffer, S. Harkema, M. Roerdink, R. Blossey, and U. Steiner, Adv.
Mater. 15, 514 (2003).
[SCHA2, 99] M. L. Schattenburg, C.G. Chen, P.N. Everett, J. Ferrera, P. Konkola, and H.
1. Smith:, J. Vac. Sci & Tech. B17, 2692 (1999).
[SCHM, 01] O.G. Schmidt and K. Eberl, Nature 410, 168 (2001).
[SHAW, 98] A.T. Shawaqfeh and R.E. Baltus, J. Electrochem. Soc. 145,2699 (1998).
[SHEN, 99] W. Shenton, T. Douglas, M. Young, G. Stubbs, and S. Mann, Adv. Mater.
11,253 (1999).
[SHIM, 00] K. Shimizu, R. Alwitt, Y. Liu, J. Electrochem. Soc. 147, 1388 (2000).
[SHIM, 82] K. Shimizu, G.E. Thompson, G.C. Wood, Y. Xu, Thin Solid Films 88, 255
(1982).
[SHIM, 91] K. Shimizu, K. Kobayashi, G.E. Thompson, G.C. Wood, Phil. Mag. B 64,
345 (1991).
[SHIM, 92] K. Shimizu, K. Kobayashi, G.E. Thompson, G.C. Wood, Phil. Mag. A 66,
643 (1992).
[SHIN, 03] S. Shingubara, Y. Murakami, K. Morimoto, T. Takahagi, Surf. Sci. 532,317
(2003).
[SHIN, 04] S. Shingubara, K. Morimoto, and H. Sakaue, T. Takahagi, Electrochem. and
Solid State Lett. 7, E15 (2004).
[SIEJ, 77] 1.. Siejka and C. Ortega, J. Electrochem. Soc. 124, 883 (1977).
319
[SLAT, 72] J.C. Slattery, "Momentum, Energy and Mass Transfer in Continua",
McGraw-Hill Inc. (1972).
[SOON, 00] R. K. Soong, G.D. Bachand, H.P. Neves, A.G. Olkhovets, H.G. Craighead,
and C.D. Montemagno, Science 290, 1555 (2000).
[SOU2 04] A.G. Souza, S.G. Chou, G.G. Samsonidze, G. Dresselhaus, M.S.
Dresselhaus, L. An, l Liu, A.K. Swan, M.S. Unlu, B.B. Goldberg, A. Jorio, A. Gruneis,
and R. Saito, Phys. Rev. B 69,115428 (2004).
[SPAH, 98] M.E. Spahr, P. Bitterli, R. Nesper, M. MUer, F. Krumeich, and H.U. Nissen,
Angew. Chem. 37, 1263 (1998).
[SPEN, 93] B.l Spencer, P.W. Voorhees, and S.H. Davis, J. Appl. Phys. 73,4955 (1993).
[SRIV, 04] N. Srivastava and K. Banerjee, Proc. ofthe 21st International VLSI Multilevel
Interconnect Conference (VMlC), Sept.29-0ct.2, Waikoloa, HI, pp. 393-398 (2004).
[SROL, 89] D.1. Srolovitz, Acta Metall. 37,621 (1989).
[STEI, 02] M. Steinhart, lH. Wendorff, and A. Greiner, Science 296, 1997 (2002).
[STEI, 03] M. Steinhart, 4-1. Jia, A.K. Sc haper, R.B. Wehrspohn, U. Gsele, and lH.
Wendorff, Adv. Mater. 15, 706 (2003).
[STEI, 03b] M. Steinhart, S. Senz, R.B. Wehrspohn, U. Gsele, and J.H. Wendorff,
Macromolecules 36, 3646 (2003).
[STEI2, 02] E.D. Steinle, D.T. Mitchell, M. Wirtz, S.B. Lee, V.Y. Young, and C.R.
Martin, Anal. Chem. 74,2416 (2002).
[STON,09] G.G. Stoney, Proc. Roy. Soc. A82, 172 (1909).
[STOT, 87] F.H. Stott, Rep. Prog. Phys. 50,861 (1987)
[STOY, 05] M.P. Stoykovich, M. Muller, S.O. Kim, H.H. Solak, E.W. Edwards, J.1. D.
Pablo, P. F. Nealey, Science 308, 1442 (2005)
[STRI, 70] J. Stringer, Corr. Sci. 10,513 (1970).
[SUI, 04] Y.C. Sui, R. Skomski, K.D. Sorge, and D.l Sellmyer, Appl. Phys. Lett. 84,
1525 (2004).
[SULK, 04] G. D. Sulka, S. Stroobants, V.V. Moshchalkov, G. Borghs, and lP. Celis, J.
Electrochem. Soc. 151, B260 (2004).
320
[SULL, 70] J.P. OSullivan and G.C. Wood, Proc. Roy. Soc. Lond A 317, 511 (1970).
[SUN, 02] ZSun and H.K. Kim, Appl. Phys. Lett. 81, 3458 (2002).
[SUN2, 03] Y. Sun, B. Mayers, and Y. Xia, Adv. Mater. 15,641 (2003).
[SUND~, 95] L.G. Sundstorm, F.H. Bark, Electrochim. Acta 40, 599 (1995).
[SUO, 95] ZSuo, J. Mech. Phys. Solids 43, 829 (1995).
[TABO, 05a] R.C. Tabone, M S. Thesis, MIT (2005).
[TABO, 05b] R.C. Tabone, R. Krishnan, C.V. Thompson, and V. Bulovic, Private
Communication (2005).
[TAJI, 70] S. Tajima, "Advances in Corrosion Science and Technology" (M G. Fontana
and R. W. Staehle, eds), Plenum, New York 1, 229, (1970).
[TAJI, 77] S. Tajima, Electrochim. Acta 22, 995 (1977).
[TAYL, 45] C.S. Taylor, C.M. Tucker, and J.D. Edwards, Trans. Electrochem. Soc. 88,
325 (1945).
[TEO, 01] K.B. K. Teo, M. Chhowalla, G.AJ. Amaratunga, W.I. Milne, D.G. Hasko, G.
Pirio, P. Legagneux, F. Wyczisk, and D. Pribat, Appl. Phys. Lett. 79, 1534 (2001).
[TERR, 03] M. Terrones, Ann. Rev. Mater. Res. 33,419 (2003).
[THAM, 02] S.K. Thamida and H.-C. Chang, Chaos 12, 240 (2002).
[THOM, 80] G.E. Thompson, K. Shimizu, and G.C. Wood, Nature 286,471 (1980).
[THOM, 83] G.E. Thompson and G.C. Wood, in "Treatise on Materials Science and
Technology, Vol. 23, Corrosion: Aqueous Processes and Passive Films" pp 205-329, J.
C. Scully (editor), Academic Press, New York (1983).
[THOM, 86] E.L. Thomas, D.B. Alward, DJ. Kinning, D.C. Martin, D.L. Handlin, and
LJ. Fetters. Macromolecules 19,2197 (1986).
[THOM, 87] G.E. Thompson, Y. Xu, P. Ske1don, K. Shimizu, S.H. Han, and G.C. Wood,
Phil. Mag. B, 55, 651 (1987).
[THOM, 97] G. E. Thompson, Thin Solid Films 297,192 (1997).
[TORR, 98] L. Torres, L. Lopez-Diaz, and J. Iniguez, Appl. Phys. Lett. 73,3766 (1998)
321
[TOUR, 00] G. Tourillon, L. Pontonnier, J.P. Levy, and V. Langlais, Electrochem. Solid-
State Lett. 3, 20 (2000).
[TREA, 96] M. Treacy, T.W. Ebbesen, and J.M. Gibson, Nature 381,678 (1996).
[TSEN, 05] A.A. Tseng and A. Notargiacomo, J. nanosci. and nanotech. 5, 683 (2005).
[UENO, 00] K. Ueno, S.-I. Pyun and M. Seo, J. Electrochem. Soc. 147,4519 (2000).
[ULLA, 05] C.K. Ullal, PhD Thesis, MIT (2005).
[VALA, 83] T. Valand and K.E. Heusler, J. Electroanal. Chem. 149, 71 (1983).
[VALA, 95] A. Valance, Phys. Rev. B 52, 8323 (1995).
[VALA, 97] A. Valance, Phys. Rev. B 55,9706 (1997).
[VERM, 63] D.A. Vermilyea, J. Electrochem. Soc. 110,345 (1963).
[VERW, 35] E.J.W. Verwey, Physica 2,1059 (1935).
[VRUB, 03] I. Vrublevsky, V. Parkoun, J. Schreckenbach, and G. Marx, Appl. Surf. Sci.
220, 51 (2003).
[VRUB, 04] I. Vrublevsky, V. Parkoun, J. Schreckenbach, and G. Marx, Appl. Surf. Sci.
222, 215 (2004).
[VRUB, 04] I. Vrublevsky, V. Sokol, and J. Schreckenbach, Appl. Surf Sci. 236, 270
(2004).
[WADE, 05] T.L. Wade and J.E. Wegrowe, Eur. Phys. J. Appl. Phys. 29, 3 (2005).
[WALS, 00] M.E. Walsh, MS. Thesis, MIT (2000).
[WAN, 04] Y.J. Wan, N.N. Kulkarni, C.K. Shih, ZYao, App. Phys. Lett. 84, 1177
(2004).
[WELL, 04] B.C. Wells, M Eng. Thesis, MIT (2004).
[WHIT, 02a] G.M. Whitesides and M. Boncheva, PNAS 99, 4769 (2002).
[WHIT, 02b] G.M. Whitesides and B. Grzybowski, Science 295, 2418 (2002).
[WHIT, 03] G.M. Whitesides, Nat. Biotech. 21, 1161 (2003).
[WHIT2, 98] C.T. White and T.N. Todorov, Nature 393,240 (1998).
322
[WILD:. 98] K. Wilder, B. Singh, D.F. Kyser, and C.F. Quate, J Vac. Sci. Technol. B 16,
6 (1998).
[WOOD, 96] G.C. Wood, P. Skeldon, G.E. Thompson, K. Shimizu, J Electrochem. Soc.
143, 74 (1996).
[XIA, 00] Y.N. Xia, B. Gates, Y.D. Yin, and Y. Lu. Adv. Mater. 12, 693 (2000).
[XIA, 03] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin, F. Kim, and H.
Van, Adv.Mater. 15, 353 (2003).
[XIA2, 04] Z. Xia, L. Riester, B. W. Sheldon, W. A. Curtin, J. Liang, A. Yin, and J.M.
Xu, Rev. Adv. Mater. Sci. 6, 131 (2004).
[XIAN, 02] Y. Xiang and E. Weinan, J Appl. Phys. 91, 9414 (2002).
[XIAO, 02] Z.L. Xiao, C.Y. Han, U. Welp, H.H. Wang, V.K. Vlasko-Vlasov, W.K.
Kwok, D.1. Miller, J.M. Hiller, R.E. Cook, G.A. Willing, and G.W. Crabtree, Appl. Phys.
Lett. 81, 2869 (2002).
[XU, 03] J.M. Xu, Proc. of the IEEE 91, 1819 (2003).
[YAN, 03] 1. Van, G.V.R. Rao, M. Barela, D.A. Brevnov, Y. Jiang, H. Xu, G.P. Lopez,
and P.B" Atanassov, Adv. Mater. 15,2015 (2003).
[YASU, 05] K. Yasui, T. Morikawa, K. Nishio, and H. Masuda, Jap. J. Appl. Phys. 44,
L469 (2005).
[YOUN, 60] L. Young, Proc. Roy. Soc. London, Series A 258, 496 (1960).
[YOUN, 61] L. Young, "Anodic oxidefilms", Academic Press, New york (1961).
[YOUN, 61] L. Young, Proc. Roy. Soc. A 263,395 (1961).
[YOUN, 63] L. Young, J Electrochem. Soc. 110,589 (1963).
[YU, 00] H. H. Yu and Z. Suo, J Appl. Phys. 87, 1211 (2000).
[YU2, 00] C. T. Yu, H. Jiang, L. Shen, P. J. Flanders, and G. J. Mankey, J Appl. Phys.
87, 6322 (2000).
[YU2, 03] C. T. Yu, M. J. Pechan, and G. J. Mankey, Appl. Phys. Lett. 83, 3948 (2003).
[YUZH, 99] V.V. Yuzhakov, P.V. Takhistov, A.E. Miller, and H.C. Chang, Chaos 9, 62
(1999).
323
[ZHAN, 00] W. Zhang and 1. R. Smith, Phys. Rev. Lett. 85, 3225 (2000).
[ZHAN2, 04] Q. Zhang, T. Cagin, A.V. Duin, W.A. Goddard, Y. Qi, L.G. Hector, Phys.
Rev. B 69,045423 (2004).
[ZHOU, 05] X.W. Zhou, H.N.G. Wadley, Phys. Rev. B 71,054418 (2005).
324
